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Abstract
This thesis, entitled Ground state properties of Mn and Mo using laser spectro-
scopic methods was submitted to The University of Manchester by Miss Frances
Claire Charlwood on 2nd October 2010 for the degree Doctor of Philosophy (PhD).
An optical study of Mn and Mo isotopes has been performed in two contrasting
regions of the nuclear chart. Collinear laser spectroscopic methods were employed
using the Ion Guide Separator On-Line (IGISOL) at the University of Jyväskylä,
Finland. Optical pumping in an ion-trap with the use of frequency quadrupled tita-
nium sapphire lasers, greatly improved the efficiency of the spectroscopy performed.
For the first time, the change in mean-square charge radius was determined for
ground and isomeric states in 50−56Mn with a sharp shell closure seen across N =
28. Nuclear quadrupole moments in 50m,53,54,56Mn were also extracted, displaying
trends similar to those of the charge radii.
Newly extracted hyperfine structures and isotope shifts of 90−92,94−98,100,102−106,108Mo
span the N = 50 shell closure and well-known N = 60 shape change. Unlike the
Z = 38 – 41 isotopic chains, Mo exhibits a smooth increase in mean-square charge
radius, with no sudden onset of deformation at N = 60. These measurements signify
the end point of this strongly deformed A ∼ 100 region in both Z and N .
In the Z ∼ 40 region, the charge radii follow the trends in the mass measurements
near perfectly. However, in the Mn measurements a clear disparity between the
mass and charge radii measurements is seen across the N = 28 magic shell closure.
The absence of any shell effects in the Mn mass measurements show the importance
of charge radii measurements, with pertinent implications for future investigations
in the N = 40 region.
Additionally, a portable data acquisition system for laser spectroscopy has been
successfully tested. It is based on the LabJack system which will directly interface
to a USB connection. It is able to register individual photons from amplified and
converted photomultiplier tube signals (with bunched or continuous ion beams).
The device drives a Cooknell voltage supply, which steps the voltage across the
laser-ion interaction region. The introduction of an accurate 100 ms time window
into the LabJack system has enabled a precise photon detection system for future
off-line testing and on-line use. Further to this, a new method of locating hyperfine
resonances has been introduced into our spectroscopy.
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1
Introduction
Over the past century, the field of atomic spectroscopy has been developed and used
to enhance knowledge of nuclear structure and behaviour. Through the analysis of
hyperfine structure and isotope shifts, nuclear parameters of ground and isomeric
states have been extracted. This introduction outlines the historical background
then proceeds to introduce the work reported here.
1.1 Historical background to the field
The hyperfine structure in optical spectra was discovered by Michelson [1] in the
late 19th century. Pauli [2], in 1924, was the first to explain this effect as a mag-
netic interaction between the moment of the total nuclear spin and the atomic
fields. This description was furthered by Casimir [3] who related the deviation
from the hyperfine component interval rule to the presence of nuclear quadrupole
moments interacting with orbital electrons (based on measurements of Schüler and
Schmidt [4]).
In addition to the hyperfine structure splitting, small shifts in the position of atomic
spectral lines in atomic isotopes were predicted in 1913 by Bohr [5]. His theory of
atomic structure postulated a mass dependency between different isotopes caus-
ing a change in the interaction with the surrounding field produced by the orbital
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electrons. Experimental evidence was provided by Aronberg [6] in 1918, observing
a frequency shift between Pb isotopes. However, the shift was larger than ex-
pected, requiring theoretical advances to explain this additional effect. Rosenthal
and Breit [7] in 1932 deduced that the isotope shift was sensitive to nuclear mass
and volume effects. In 1949, Brix and Kopfermann [8] subsequently observed a
deformation away from spherical shape in Sm isotopes, affecting the isotope shift
measurements. This allowed spectroscopic studies of deformed nuclei, such as in
rare earth elements, which in turn provided a critical understanding of these nuclei
from the basis of nuclear models.
From an experimental point of view, nuclear spins, magnetic and quadrupole mo-
ments can be determined through hyperfine structure analysis. Changes in radial
charge distribution can be extracted from the isotope shift. Techniques that allow
splittings of µeV to be observed however require a high resolution.
Laser spectroscopy in the field of nuclear physics began with the invention of the
tunable laser in the 1970s. Its narrow bandwidth and tunability allowed the first on-
line spectroscopic measurement of Na in 1975 [9]. A wide variety of nuclei in ground
or excited states have since been studied at isotope separation facilities [10]. Current
work concentrates on extracting and studying short-lived isotopes and isomers at on-
line isotope separation facilities which lie increasingly far from stability. Ionic beams
of refractory isotopes which are efficiently produced and extracted with facilities
such as the ion-guide separator on-line (IGISOL) at the University of Jyväskylä are
used in spectroscopy ranging from stability to the most exotic nuclei.
1.2 This work
Radioactive beams of manganese and molybdenum were produced from fusion-
evaporation and induced fission reactions at the IGISOL facility. Investigations
were made using on-line results taken by a collaboration involving the Universities
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of Manchester, Birmingham and Jyväskylä.
Information on the hyperfine coefficients and isotope shifts are found for both the
Mo and Mn isotope chains, reported in Chapters 5 and 6, respectively. In man-
ganese, these measurements span the N = 28 shell closure and represent the first
optical study of these nuclei. With only one stable isotope, 55Mn, there was previ-
ously no information on the charge-radii systematics in this region of weak proton
binding. Critical quadrupole moments were missing in this region at N = 25 and
28, with low-lying nuclear configurations poorly understood.
The Z = 38 – 41 isotopic chains have been studied extensively as rapid shape
changes are observed in this region [11], with a sudden onset of deformation at N =
60. Previous studies of the five stable isotopes in Mo showed a general increase in
the charge radii from N = 50 – 58 [12]. These new measurements in molybdenum
cover the entire region from N = 48 – 66, with particular focus at and beyond the
N = 60 shape change.
A data acquisition device has been developed as a portable alternative to the multi-
module racks for data acquisition at facilities such as Jyväskylä and ISOLDE,
CERN. It is portable, compact and user-friendly. It was successfully tested in
an off-line yttrium run in July 2007. The work reported here focussed on produc-
ing an accurate time window with an error of less than ±1 ms for the acquisition
of photons. A new scanning technique was then implemented to search candidate
regions for hyperfine resonances in the limit of low statistics.
Key theoretical background to the work is given in Chapter 2 and an introduction
to the IGISOL and laser setup at the University of Jyväskylä in Chapter 3. A de-
scription of the portable data acquisition system for laser spectroscopy is presented
in Chapter 4. The results from the on-line experiments on Mo and Mn are presented
in Chapters 5 and 6, respectively. Chapter 7 summarises the work presented and
explores the possibilities for the future.
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Theoretical background
The interaction between the nuclear charge distribution and the electromagnetic
fields at the nucleus generated by the orbital electrons is known as the hyperfine
interaction. This produces a total angular momentum, F, about which the nuclear
intrinsic spin, I, and total electron angular momenta, J, precess:
F = I + J
If I ≥ J then there are 2J + 1 hyperfine components or if J > I then there are
2I + 1 components to the hyperfine splitting. Nuclear properties can be extracted
from analysis of the shifts and hyperfine splittings of the electronic structure. The
operator of the hyperfine structure interaction can be expanded in terms of a power
series of multipole moments. Symmetry arguments suggest non-vanishing even
electric and odd magnetic moments in nuclei (as nuclear wavefunctions are of good
parity).
The zeroth order interaction can be thought of as a parameter describing the charge
distribution due to the finite size of the nucleus. This quantity differs as the neutron
number changes across an isotope chain, which forms the basis of the isotope shift
[13]. The interaction of the nuclear magnetic dipole moment with the magnetic
field created by the orbital electrons at the nucleus produces the dipole term in
the multipole expansion. The electric field gradient of the electrons at the nucleus
23
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couples with the nuclear quadrupole moment and gives the electric quadrupole
contribution. Higher-order multipole moments of the nucleus are generally too
small to be observed in optical spectra (6 – 8 orders of magnitude less than the
magnetic or quadrupole splittings).
2.1 Expectation value of a multipole moment
The expectation value of the operator is given simply by the matrix element of a
single multipole operator between two angular momentum states. A general repre-
sentation uses arbitrary spherical tensor operators (T (k)(q) ) of rank k and projection
q between angular momentum states |jm〉, as, 〈α1j1m1|T (k)(q) |α2j2m2〉, where |j1m1〉
and |j2m2〉 are eigenkets of the total angular momentum J2 and z-component Jz
operators. Non-angular quantum numbers are denoted by α. This matrix element
is difficult to evaluate as the tensor operator may possess radial as well as angular
dependence and the eigenstates include the radial principal quantum number |n〉
as well as angular momentum |jlm〉. The famous Wigner-Eckart theorem expresses
this matrix element as a product of two factors [14]:
〈α1j1m1|T (k)(q) |α2j2m2〉 = 〈j2, k;m2, q|j2, k, j1,m1〉
〈α1j1||T k||α2j2〉
(2j1 + 1)
1/2
= 〈j1m1j2m2|JM〉〈α1j1||T
k||α2j2〉
(2j1 + 1)
1/2
= Cj1m2,q
〈α1j1||T (k)||α2j2〉
(2j1 + 1)
1/2
. (2.1)
The first factor is a Clebsch-Gordan coefficient and encompasses all geometric de-
pendence of the matrix element. The selection rules m1 = m2 + q and |j2 − k| ≤
j1 ≤ |j2 +k| then follow. The second factor is known as the reduced matrix element
and is independent of angular momentum orientation (m1, m2 and q). It contains
all information on the physical nature of the states and operators.
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Considering parity and angular momentum conservation, the magnetic dipole mo-
ment µ is the only first-rank tensor with a non-vanishing matrix element. The
expectation value for the quantum number with maximum projection, µJ, is:
〈jj|(M1)z|jj〉 = 〈jj10|jj〉〈j||(M1)||j〉 =
(
j
j + 1
)1/2
〈j||(M1)||j〉, (2.2)
where m = j is described as the ‘stretched’ case. The matrix element for µ in
another orientation (substate m) can be calculated via the Wigner-Eckart theorem.
Two states, |j1〉 and |j2〉, with magnetic moments, µ1 and µ2, may be coupled to a
new angular momenta in a new space J . The resulting magnetic moment, µJ , can
be reduced via the Wigner-Eckart theorem to give:
µJ
〈JJ10|JJ〉 = 〈j1j2J ||(M1)1 + (M1)2||j1j2J〉
= 〈j1j2J ||(M1)1||j1j2J〉+ 〈j1j2J ||(M1)2||j1j2J〉, (2.3)
with further reduction of the reduced matrix element given by [14, 15],
〈j1j2J ||(M1)1||j1j2J〉
= (−1)J+j1−j2−1
√
(2j1 + 1)(2J + 1) W (j1j1JJ ; 1j2) 〈j1||(M1)1||j1〉, (2.4)
where W (j1j1JJ ; 1j2) is a Racah coefficient (and the first three factors are an al-
ternative form of the 6-j coefficient). This is equivalent to the gyromagnetic ratio
coupling of g1 and g2 where gi = µi/ji,
gJ =
(
g1 + g2
2
)
+
(
g1 − g2
2
)
j1(j1 + 1)− j2(j2 + 1)
J(J + 1)
. (2.5)
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Electric quadrupole moments are described by a second-rank tensor. As q = 0,
the component on the quantisation axis with the maximum projection, m = j, is
again chosen as the measurable quantity. The expectation for the spectroscopic
quadrupole moment (Qs) is expressed as,
〈jj|(E2)|jj〉 = 〈jj20|jj〉〈j||(E2)||j〉 =
(
j(2j − 1)
(j + 1)(2j + 3)
)1/2
〈j||(E2)||j〉. (2.6)
Quadrupole moments of different states can be coupled in a similar method as the
magnetic moment shown above.
2.2 Magnetic dipole interaction
In the nucleus a magnetic moment µ exists only if the nuclear spin I ≥ 1/2. In
states where J 6= 0 an effective magnetic field Be is produced by orbital electrons.
The dipole interaction Hamiltonian can be written as:
HM = −µ.Be, (2.7)
which is treated as a small perturbation on the gross atomic structure. With respect
to the magnitudes, the nuclear spin I is related to the magnetic dipole moment by
µ = gµNI.
If one of the states in a transition involves an unpaired s-electron, the hyperfine
structure will be especially large due to the Fermi contact interaction at the nu-
cleus [16].
Using first-order perturbation theory, the expectation of the Hamiltonian gives a
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shift to the atomic state energies,
∆EM = 〈αIJFMF |HM|αIJFMF 〉 = AK
2
, (2.8)
where K=F(F+1)−I(I+1)−J(J+1) and A, the magnetic hyperfine structure con-
stant, is defined to be,
A =
µBe
IJ
. (2.9)
This form of interaction leads to the Landé interval rule for the magnetic hyperfine
multiplet,
∆EF −∆EF−1 = AF. (2.10)
2.3 Electric quadrupole interaction
Nuclear spectroscopic quadrupole moments exist for a nucleus with spin I ≥ 1 and
cause a hyperfine splitting in the presence of a non-spherical field. To produce an
electric field gradient at the nucleus, the orbital electrons must additionally have
J ≥ 1. The basis of the interaction is the electrostatic potential generated between
individual protons and electrons,
HE = −e
2
4piε0|re − rp| , (2.11)
where re is the position vector of the electron and rp is the position of the proton
(from the nuclear origin). Summing this potential over all protons and electrons and
making the transformation onto the symmetry axis allows the multipole expansion
of the nuclear quadrupole interaction energy to be written as,
EQ =
1
4
e
∂2V
∂z2
QSP2(cosθij ), (2.12)
where ∂2V /∂z2 is the electric field gradient and P2(cosθij ) is a Legendre polynomial
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with θij the angle between the directions of spins I and J. The spectroscopic
quadrupole moment is characterized as the projection of the intrinsic quadrupole
moment, Q0, onto the laboratory axis. For axially symmetric nuclei, the moments
are related by,
QS = Q0
3K2 − I(I + 1)
(I + 1)(2I + 3)
, (2.13)
where K is the projection of I onto the nuclear symmetry axis. Through first-
order perturbation theory, using a time average of the electric field gradient, the
quadrupole interaction energy can be expressed as [3],
∆EE = 〈αIJFMF |HE |αIJFMF 〉
=
B
4
3
2
K(K + 1)− 2I(I + 1)J(J + 1)
I(2I − 1)J(2J − 1) , (2.14)
where the electric quadrupole hyperfine structure constant, B, is,
B = eQs
〈
∂2V
∂z2
〉
. (2.15)
A departure from the magnetic hyperfine interval rule results from this electric
quadrupole interaction.
2.4 First-order hyperfine splitting
Combining the magnetic dipole and electric quadrupole components gives the first-
order hyperfine interaction as,
W
(1)
F,J =
AK
2
+
B
4
3
2
K(K + 1)− 2I(I + 1)J(J + 1)
I(2I − 1)J(2J − 1) . (2.16)
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The reduced matrix elements of µ and Qs are contained within the hyperfine struc-
ture constants, A and B, respectively. Hyperfine splitting for a specific atomic
transition (in 55Mn) is shown in Fig. 2.1. The magnetic interaction generally domi-
nates with the largest contribution to the shift in atomic hyperfine structure levels.
Exceptions to this occur in highly deformed regions such as Y, Hf etc. where the
quadrupole splitting can be substantial.
J=3 
J=2 d5 s 
9472.97cm-1 
43370.51cm-1 
294.9nm 
F 
d5p 
11/2 
I=5/2 
7/2 
5/2 
3/2 
1/2 
9/2 
9/2 
5/2 
3/2 
1/2 
7/2 
55Mn 
Figure 2.1: Hyperfine splitting in 55Mn for a J = 2 → 3 atomic transition.
With experimental data providing the hyperfine A and B parameters, it is possible
to obtain the electromagnetic moments for that particular isotope through a hy-
perfine constant scaling method. The Equations 2.17 and 2.18 demonstrate this
scaling between two isotopes with nuclei A and A′ ,
AA′
AA
=
µI(A
′
)
µI(A)
IA
IA′
, (2.17)
BA′
BA
=
Q(A
′
)
Q(A)
. (2.18)
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For this scaling assumption to hold, the magnetization throughout the nuclear vol-
ume must be uniform as must the magnetic field produced by the electrons. Before
the hyperfine structure is analysed, any shielding effect of the core ns-electrons
must be taken into account. This exchange interaction between core electrons and
those in an unclosed shell can dominate over the direct magnetic hyperfine inter-
action. Quadrupole polarisation of the core is accounted for by Sternheimer [17]
corrections, which may be ∼ 20% of the quadrupole hyperfine interaction.
The full derivation of the first-order hyperfine structure energy splitting stems from
the scalar product of the general nuclear (T (k)n ) and electronic (T (k)e ) tensors in
the Hamiltonian. Projecting the reduced matrix elements onto the direction cor-
responding to the maximum angular momentum for both coordinate systems gives
the result,
W
(1)
F,J =
∑
k≥1
(−1)I+J+F
 F J Ik I J
 I k I
−I 0 I
 J k J
−J 0 J
〈II|T
(k)
n |II〉〈αJJ |T (k)e |αJJ〉, (2.19)
which describes the same first order hyperfine splitting as (2.16) for multipole order
k = 1, 2. This formulation requires the evaluation of Wigner 3-J and 6-J symbols.
In the above expression, α represents the ‘non-angular’ quantum numbers. The Ak
coefficients which result from the expression in (2.19) are given by,
Ak = 〈II|T (k)n |II〉〈αJJ |T (k)e |αJJ〉. (2.20)
Only rank k = 1 and k = 2 are considered as higher order multipole terms suffer a
rapid decrease in strength. They are connected to the hyperfine structure constants
by A1 = IJA and A2 = B/4.
Second-order effects become important when the separation of two atomic levels
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becomes comparable to the size of the hyperfine structure, as seen in recent studies
of Ta [18]. Shifts in energy levels arise as a result of two-body interactions between
the valence electrons and these affect the extraction of the hyperfine A and B
coefficients. In this study of Mn and Mo, second-order effects are negligible.
2.5 Magnetic hyperfine anomaly
The non-uniform distribution of magnetization across the nuclear volume gives rise
to the hyperfine anomaly. This effect is small (and negligible) in most nuclei (<
0.1%) but can significantly rise in particular circumstances. Bohr and Weisskopf [19]
were the first to account for the effect, introducing a parameter known as the
hyperfine anomaly, ∆A,A
′
,
1 + ∆A,A
′
=
1 + A′
1 + A
' 1 + A′ − A, (2.21)
where the correction for the non-uniformity in nuclear volume is given by A′ and A
corresponding to isotopes A′ and A, respectively. Accurately deducing the amount
of hyperfine anomaly between isotopes is important as it directly affects the calcu-
lation of the magnetic moment. A reduction in the magnetic hyperfine A constant
is observed for a finite nuclear volume compared with that of a point nucleus. An
adjustment to Equation 2.17 is therefore required and is given by,
µI(A
′
)
µI(A)
= (1 + ∆A,A
′
)
AA′
AA
IA′
IA
. (2.22)
Experimentally, the largest anomaly effects in the scaling of the hyperfine A pa-
rameter are to be around a few percent. The Bohr-Weisskopf (BW) effect arises
from s-electrons and p1/2-electrons penetrating the nuclear volume when the contact
magnetic field is non-uniform. To a good approximation, any state with j > 1/2
has zero probability density at the nuclear origin. The atomic wavefunction must
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change differentially over the nucleus in a transition for an anomaly to be observed.
If apparent, information on the matter distribution and mass radius can be derived
but this is only in a model-dependent manner. Proton “jack-knife” orbits where
moment contributions of l and s can cancel each other, are especially susceptible to
such anomalies.
Bohr and Weisskopf then furthered these calculations by considering the individ-
ual orbital and spin moment contributions in A. These calculations still suffer
significant uncertainty when dealing with susceptible multi-electron configurations.
2.6 Isotope shift
For a given element, the number of neutrons in the nucleus affects the mass and
charge distribution. In an isotope chain, each isotope therefore experiences vary-
ing energy perturbations proportional to the change in these distributions. If the
frequency of transition occurs at vA for isotope A and vA
′
for isotope A′ then the
isotope shift can, by convention, be expressed as:
δvA,A
′
IS = v
A
′ − vA. (2.23)
The frequency of the transition is the centroid in the hyperfine structure spectrum,
determined by averaging over all components [20]. Two discrete contributions, the
mass (MS) and the field shift (FS), sum to give the isotope shift (to first order):
δvA,A
′
IS = δv
A,A
′
MS + δv
A,A
′
FS . (2.24)
2.6.1 The mass shift
The mass shift arises due to the relative centre of mass motion of the nucleus
changing between isotopes. This effect becomes more dominant in light nuclei
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(A . 80). An element of imaginary infinite nuclear mass and a finite nuclear
mass show a difference in the energies of the atomic levels. Therefore, different
isotopes of the same element will have differing nuclear recoil energies. This will
modify the kinetic energy term in the atomic Hamiltonian operator. By considering
conservation of momentum in the atom’s centre-of-mass frame, the kinetic energy
can be expressed as follows:
T = 1
2µ
∑
i
(pi)
2 +
1
2M
∑
i>j
(pi.pj), (2.25)
where M is the nuclear mass, µ is the reduced mass of the system, pi is the momen-
tum of the ith electron and the sum runs over all electrons in the atom. A difference
in energy level separation for isotopes A and A′ can therefore be expressed as,
δT = 1
2
(
A
′ − A
AA′
)(∑
i
(pi)
2 + 2
∑
i>j
(pi.pj)
)
, (2.26)
where A is the sum of the electron and nuclear mass. The mass shift can be
further divided into the normal mass shift (NMS) and the specific mass shift (SMS),
associated with the diagonal and cross terms respectively, as defined below:
δvA,A
′
MS = δv
A,A
′
NMS + δv
A,A
′
SMS
δvA,A
′
MS = (N + S)
(
A
′ − A
AA′
)
. (2.27)
The normal mass shift
The first term in (2.25) is the Normal Mass Shift. Taking the case of a finite nuclear
mass, the level energies of the atom will be raised (less bound) compared with those
of an atom with an infinitely heavy nucleus. The normal mass shift represents this
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correction in level energies and is given by:
δvA,A
′
NMS =
(
mev0
mn
)(
A
′ − A
AA′
)
, (2.28)
where me and mn are the electron and nucleon masses, respectively and v0 is the
frequency at which an infinitely heavy nucleus would undergo a transition.
The specific mass shift
The specific mass shift (SMS) represents the cross term in the kinetic energy of the
Hamiltonian in (2.25). Determination of the SMS in non-hydrogenic systems in-
volves non-trivial calculations of the momentum correlations of the orbital electrons
at the nucleus [21]. Changes in d -electron and f -electron density in a transition have
the greatest effects on the SMS.
If optical data from a previously studied transition is available, values of the SMS for
a pair of isotopes can be extracted from a King plot [21]. Where no experimental
data is available it is possible to estimate the SMS for ns − np and ns2 − nsnp
transitions. These calculations for alkali-like ions give [22]:
δvA,A
′
SMS = +0.3(9)δv
A,A
′
NMS for ns− np,
δvA,A
′
SMS = +0.0(5)δv
A,A
′
NMS for ns
2 − nsnp. (2.29)
Exceptions to these approximations have been observed where δvA,A
′
SMS is an order of
magnitude greater than expected [21].
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2.6.2 The field shift
Important information on the radial parameters of the nuclear charge distribution
can be extracted from the field shift. The field shift arises due to an orbital electron
experiencing an electrostatic potential due to the nuclear charge and the distribution
of that charge. As the distribution varies from isotope to isotope, the electron will
experience different potentials, affecting the resulting energy levels. The field shift
is sensitive to changes in nuclear size, shape and surface diffuseness. Level energies
are raised (binding decreased) when the radial extent of the charge distribution is
increased.
The interaction of a small unstructured nuclear volume at the origin was first the-
oretically studied using simple perturbation methods. Rosenthal and Breit [23] un-
dertook such calculations using a relativistic wavefunction for a one-electron atom
with a point nucleus. With a finite nucleus, the interaction of the electron wave-
function and the nuclear charge distribution has to be considered. The electrostatic
energy perturbation due to an extended nuclear volume can be expressed as:
∆E =
∫ ∞
0
eψ∗∆V (r)ψdV, (2.30)
with ψ as the unperturbed wavefunction and ∆V (r) is the electrostatic potential for
a point charge subtracted from that of a finite nucleus. Outside the nuclear radius,
∆V (r) = 0. Broch [24] took this further by solving the Dirac radial wave equations
for a point nucleus then an extended nuclear charge distribution considering wave
functions close to the nuclear volume. Neglecting higher-order components, the
field expression was evaluated by Bodmer [25] as:
δvA,A
′
FS = Fiλ
A,A
′
, (2.31)
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where
Fi =
pia30
Z
∆|ψ(0)|2f(Z), (2.32)
and
λA,A
′
= Kδ〈r2〉A,A′ ' δ〈r2〉A,A′ . (2.33)
f(Z) is the relativistic atomic factor, correcting for relativistic effects arising from
the electrons’ proximity to the nucleus. This factor has been extensively calculated
and tabulated by Blundell et al. [26, 27]. The mean-square charge radius, 〈r2〉,
is equal to 3/5R2 for a uniform charge distribution of radius R. The change in
mean-square charge radius is given by δ〈r2〉A,A′ . ∆|ψ(0)|2 represents the change in
electron density associated with the two states. It contains information on electron
screening changes and amount of configuration mixing in the atomic structure.
Both s1/2 and p1/2 electron transitions produce the dominant effects in the field
shift. Any other transitions altering the screening of the density of these two states
in this configuration will also produce a field shift.
The factor K compensates for the non-uniform charge distribution across the nu-
clear volume (and thus higher-order contributions than 〈r2〉). Later calculations
expressed this change in nuclear potential as a sum of radial multipole moments.
Heavy nuclei in particular require a correction to account for higher multipole mo-
ments. Potential non-uniformity over the nuclear volume is expressed by the Seltzer
moment,
λA,A
′
= δ〈r2〉A,A′ + C2
C1
δ〈r4〉A,A′ + C3
C1
δ〈r6〉A,A′ + .... (2.34)
Seltzer tabulated values of Ci/C1 for a large range of nuclei. Calculations show
Ci/C1 ∼ 10−3 fm−2 with higher-order terms vanishing rapidly. Since λ ∝ 〈r2〉,
higher order terms are “calibrated” out leaving only the 1st term of (2.34).
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2.7 Factors affecting the mean-square charge radius
There are three main contributions affecting the relative size of the nuclear charge
radius, as shown in Equation 2.35. The first is a nuclear volume effect when neu-
trons are added to or removed from the nucleus. This in turn affects the proton
distribution due to the attractive n−p interaction and the resulting Coulomb redis-
tribution. Liquid-drop model predictions of the nucleus state that the mean-square
charge radius is proportional to A2/3.
Changes in the nuclear shape, as first highlighted by Brix and Kopfermann [8], also
influence the nuclear charge radius. The size of this effect in axially symmetric
static deformed shapes relative to a spherical charge distribution can be given to
lowest order in 〈r2〉 by,
〈r2〉 = 〈r2〉s
(
1 +
5
4pi
∑
i
〈β2i 〉
)
, (2.35)
where 〈r2〉s is the equivalent spherical nuclear charge radius of the same volume.
The droplet model of Myers and Schmidt [28] readily provides estimates of this
parameter. βi is the deformation parameter for a multipole of order i. Higher
multipoles than the quadrupole term are generally neglected. As the nucleus does
not have a sharp edge, a term describing the nuclear diffuseness (〈r2〉d = 3σ2) can
be added to Equation 2.35. The nuclear diffuseness parameter, σ, is measured to
be independent of size and deformation for all nuclei [28].
Zero-point fluctuations about the minimum of the shape potential well give rise
to dynamic deformation effects. Substantial quadrupole vibrations 〈β22〉 have been
observed in soft, near-spherical nuclei with a zero static deformation parameter
〈β2〉2. The resulting change in mean square charge radius however may not be
reflected in the magnitude of the quadrupole moment (Qs) [20] (which reflects mean
β2 as opposed to rms β2).
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If the nucleus is axially symmetric, a static deformation parameter, 〈β2〉, can be
extracted from the intrinsic quadrupole moment using,
Qo ≈ 5Z〈r
2〉sph
(5pi)1/2
〈β2〉 (1 + 0.36〈β2〉) , (2.36)
where β2rms = 〈β2〉2 + (〈β22〉 − 〈β2〉2) = β2static + β2dynamic. The square of the static
deformation parameter, 〈β2〉2, allows the influence of the static contribution to be
investigated alone. A measure of the β-softness of the deformation can then be
made between static estimates and experimental deformation values to provide a
detailed picture of the rotational and vibrational characteristics of a nucleus. A
comparison may then be made with β2 derived from related nuclear parameters
such as B(E2) and E(0) transition rates.
2.7.1 The King plot technique
The isotope shift between isotopes with masses A and A′ can be expressed as,
δvA,A
′
=
(
A
′ − A
AA′
)
Mi + Fiλ
A,A
′
, (2.37)
where Mi is the mass factor and Fi is the field factor. A King plot [21] is formed
using two separate atomic transitions from which Equation 2.37 is used to deduce
the ratio of relativistic electronic factors, and the differences in mass shift. Non-
optical measurements also can be used in the plot, for example, 〈r2〉 from electron
scattering, electronic X-ray and muonic X-ray results. In the technique, all isotope
shifts are firstly multiplied by a modifying factor, µA,A
′
:
µA,A
′
=
AA
′
A′ − A
Aref
′ − Aref
ArefAref′
, (2.38)
where Aref and Aref′ are a reference isotope pair. This modifies Equation 2.37:
2nd October 2010 38 of 135
2.8. Calibration of atomic fields Frances Claire Charlwood
µA,A
′
δvA,A
′
= ζMi + ζ
(
AA
′
A′ − A
)
Fiλ
A,A
′
, (2.39)
where,
ζ =
Aref
′ − Aref
ArefAref′
. (2.40)
If the element under study has more than one stable isotope with known charge
radii, then the modified isotope shifts can be plotted against modified δ〈r2〉A,A′
values for different pairs of nuclei. The linear locus of the plot allows Mi and Fi
to be extracted from the intercept and gradient, respectively. For the case of two
transitions, i and j, Equation 2.39 can be applied to each, resulting in:
µA,A
′
δvA,A
′
j =
Fj
Fi
(µA,A
′
δvA,A
′
i ) + ζ(Mj −
Fj
Fi
Mi). (2.41)
Calculation of the gradient and intercept gives a relationship between the atomic
parameters of the two transitions. Deviation from the linear relationship of the
King plot indicates second-order effects are present in the considered transitions.
2.8 Calibration of atomic fields
When there is no data available to be used in the King plot method, calculations
must be made to determine the expectation value of the electron wavefunction at the
nucleus. The Landé-Goudsmit-Fermi-Segré (LGFS) formula is derived empirically
from hydrogenic systems. For ns-electrons (in alkali-like ions) this density is given
by,
|ψ(0)|2ns =
ZZ2a
pia30n
∗3
(
1− dσ
dn
)
, (2.42)
where n∗ = n − σ with σ as the quantum defect. A valence electron “sees” a
nuclear charge of Za (the spectrum number where Za = 0 (neutral), Za = 1 (singly
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charged)) outside the atomic core and the nuclear charge Zi ∼ Z within the core.
Calculation of |ψ(0)|2ns requires knowledge of the quantum defect, which may be
evaluated through the Rydberg-Ritz relation,
n∗ = Za
(
R∞
Tn
)1/2
, (2.43)
where R∞ is the Rydberg constant. Experimental term values (Tn) are derived
from spectroscopy measured for the ns-electron system. They are equivalent to the
electron binding energies with the energy of ionisation set to zero.
Kopfermann [29] introduced an alternative method of estimating |ψ(0)|2ns from the
hyperfine splitting with known nuclear spin and magnetic moment. Hyperfine A
coefficients are proportional to the electron density for s electrons, given by,
AJ =
8R∞
3mp
mpiµI |ψ(0)|2nsFj(Z)(1− δ)(1− )
n∗3IµN
,
=
1
117.8
piµIa
3
0|ψ(0)|2nsFj(Z)(1− δ)(1− )
n∗3IµN
cm−1, (2.44)
where Fj(Z) is a relativistic correction factor for the magnetic dipole interaction
introduced by Goudsmit. The (1 − δ) term is the Breit-Crawford-Schawlow cor-
rection accounting for the extended distribution of the nuclear charge distribution
between a finite nucleus and a point-like nucleus. The (1− ) term is the previously
discussed Bohr-Weisskopf correction factor accounting for the extended distribution
of the magnetic moment, directly related to the hyperfine anomaly. The relativistic
effects and corrections for the extended nuclear volume are combined in the Fr(1−δ)
term. Equation 2.44 can be rearranged and given in units of the Bohr radius a30,
|ψ(0)|2ns =
117.8AJµNI
piµIFr(1− δ) , (2.45)
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where AJ is in cm−1. Uncertainties in |ψ(0)|2ns are ∼ 5 – 10 % for both methods.
Electrons bound deep in the potential well (partially) screen the nuclear charge.
A screening factor, β, is introduced with the value of the screening at the nucleus
expressed (for ns− np transitions) as,
|ψ(0)|2 = β|ψ(0)|2ns. (2.46)
Here there is assumed to be negligible contribution from the np1/2 electron. Shield-
ing effects are reduced on transition to higher states (apart from s-states) and
change the electronic density at the nucleus.
Ab initio calculations provide a more accurate method of determining parameters
pertaining to the mean-square radius. Hartree-Dirac-Fock calculations implement
a self-consistent central field U(ri) using anti-symmetrised wavefunctions. In this
formulation, the charge density of the eigensolutions of the Dirac Hamiltonian with
a potential V = U(ri) reproduce U(ri). Hartree-Dirac-Fock methods can be used
to calculate β for different transitions. Calculations for pure configurations often
produce confident values of the field factor, accurate to better than 20%. However,
configuration mixing limits the reliability of the calculations in more complex nuclei.
In the Multi-Configurational-Dirac-Fock (MCDF) method, atomic state wavefunc-
tions represent the multi-electron atomic state. An atomic state wavefunction
can be expressed as a linear combination of configuration state functions. These
are composed of antisymmetrized products of orthonormal single electron orbitals
sharing a common basis and includes excited orbitals [30]. This fully relativistic
treatment allows electron correlations through configuration interactions to be de-
termined. Experimentally, errors on the field and mass factors arising from the
calculations are found to be accurate to ∼ 10 – 15%.
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Experimental setup at the IGISOL
3.1 IGISOL
The design of the IGISOL at the University of Jyväskylä, Finland, is unique. Re-
action products can be quickly extracted from a beam-target region via a helium
buffer gas. This allows radioactive isotopes with very short half lives of order mil-
liseconds to be studied, including those of a refractory nature. This is not possible
at ISOL facilities where effusion of radioactive species from spallation on a hot, solid
target-catcher arrangement can take hundreds of milliseconds to many seconds.
In a conventional on-line setup at JYFL, a beam from a K-130 cyclotron impinges
on a thin target in the IGISOL chamber which releases primary recoil radioactive
ions. Proton beams as high as 90 MeV can be achieved with currents of up to 20
µA. Collisions with the helium buffer gas thermalise the ions to 2+ charge states via
charge exchange reactions at 100 – 200 mbar. The second ionisation potential of
most elements is lower than the first ionisation potential of He and it is impurities
such as H2O, O2, H2 and N2 and e− at < ppm levels that allow 1+ charge states to
be attained. Passing the helium gas through a liquid nitrogen cooled trap before en-
tering the IGISOL removes the majority of impurities and avoids further quenching
of these 1+ charge states. The Roots blower unit provides a large negative pressure
gradient between the gas cell and vacuum chamber, simultaneously pumping the
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He gas away. Approximately 1% recoil ions then reach the extraction region, being
guided by the buffer gas through a small hole. Losses occur through formation of
charged molecules, diffusion to the chamber walls and three body recombination
processes involving electrons, ions and neutral atoms (as the He becomes ionised).
500 V 10 kV 30 kV 
100 mbar Roots  
Blower 10-4 mbar 
10-6 mbar 
Einzel Lens 
Extractor 
SPIG 
10 mbar 
Cyclotron 
Beam 
Ion Beam 
Targets 
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Flow 
Recoils 
     Gas 
Figure 3.1: Diagram displaying the IGISOL ion guide and beam formation through
the SPIG and extractor region.
Differential pumping of the gas flow allows the fast extraction of the ions and their
formation into a beam that is directed through a sextupole ion guide (SPIG) and
into the high vacuum region, see Fig. 3.1. The SPIG consists of six cylindrical rods
arranged uniformly in a circle. An alternating voltage is applied to each rod, with
alternate rods of opposite polarity. There is a reduced beam emittance on exiting
the SPIG as ions are damped onto the symmetry axis by applying ∼ 500 V at an RF
frequency of a few MHz. The rods are separated into two sections with DC offsets
of 1 – 2 V to guide the ions towards the exit. Acceleration of the ions to ∼ 30 kV
through a dipole magnet, which acts as a mass analyser, allows through only the
species of interest with the selected charge-to-mass ratio. Normally, the species of
interest is then injected into the cooler-buncher, see Fig 3.2. However, at the start
of an on-line experiment, the beam may be directed to a germanium detector to
count the γ-activity, for a yield assessment of the radioactive ions. The β-activity
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may also be monitored on Si surface barrier detectors. The IGISOL setup is fast
and universal but the produced beam can suffer a significant amount of energy
spread (up to ∼100 eV).
Figure 3.2: Diagram showing the IGISOL beamline. The ion beam is directed to
the light collection region via the use of electrostatic deflectors.
3.1.1 Ion guides
In the production of radioactive and stable species, different ion guides can be in-
serted into the IGISOL chamber to provide coverage of the Ségre chart, see Fig. 3.3.
The fission ion guide [31] provides access to neutron-rich fission fragments generally
through proton induced fission of natural uranium or other actinide targets. To
increase the target thickness, the target is positioned at a 7o angle with respect to
the proton beam. The guide is separated into two by a partition foil. One region is
plasma filled from protons impinging on the target and ionising recoiling radiation
products. The second region allows the ions to be thermalised successfully in a
plasma free region. Using higher beam energies allows for a more symmetric fis-
sion. Production of neutron-deficient nuclei towards the N = Z region are reached
through fusion evaporation reactions with light ions such as p, d, 3He or α. Lower
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gas pressures are used with the light-ion fusion guide [32] as energies of the recoiling
products are much lower.
Figure 3.3: Left: the fusion ion guide and, right: the fission ion guide installed in
the IGISOL chamber.
3.1.2 Off-line testing
When studying stable species, a low pressure cathode discharge source is mounted
in the IGISOL chamber. The species of interest is connected to the cathode which
is made of copper. In this setup, a negative spark voltage of ∼ 500 V triggers an
electron shower. The production of gas ions and to a lesser extent copper ions then
sputter atoms off the cathode. The cathode sputtered species ionise in the plasma
and diffuse in the ion chamber before extraction by the SPIG. Stable beams of ∼ 1
nA can be produced for optimising experimental conditions before running on-line.
The discharge source is also used for testing the efficiency of particular transitions
and to locate hyperfine resonances.
3.2 RFQ Cooler-buncher
The cooler-buncher is a linear Paul trap that is mounted on a HV platform. It
provides the option of releasing the ions in bunches or running in a continuous
mode. To draw the ions into the cooler, the potential of the device is set 100 V
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below that of the source. Ion motion, driven by an RF quadrupole field, is damped
onto the axis of a He gas filled cell (at ∼ 0.1 mbar). The relative cooler pressure
is measured on a backing pump line. Four stainless steel segmented rods (shown
in Fig. 3.4) produce this RF field with adjacent rods having opposite polarity. An
additional DC component on each segment i, described by V = Vi + Vrfcos(ωt).
Ultra pure He gas (cleaned by use of a “getter”) removes the beam energy gradually
via weak, long-range interactions (hard impact collisions would result in no cooling
and the loss of ions to the cooler walls). This results in a beam-velocity reduction
from the residual ∼ 100 V potential to trap micro motion velocities, a decreased
energy spread (∼ 0.6 eV) and diminished spatial distribution (∼ 3 pi mm mrad).
Longitudinal segmentation of the rods allows an axial DC field to slowly drift the
radially confined ions downstream to the end of the cooler with a field gradient of
∼ 0.1 Vcm−1.
A “mini quadrupole”, mounted in the centre of an end plate, is used to extract the
ions while enclosing the gas volume. Reacceleration of the beam then occurs in
the direction specified by a quadrupole switchyard at the exit of the gas cell. On
leaving the cooler, the ionic ensemble is fully decoupled from the IGISOL conditions
(which had previously caused the energy spread in the ion distribution). Hence, the
IGISOL conditions may now be optimised for maximum efficiency in the ion yield
with no effect on the beam emittance post cooler.
Bunching of the beam can be achieved by accumulating the ions in the linear Paul
trap. Ions are trapped in a 3D potential well via the application of a positive
voltage to the endplate of the cooler in combination with the quadrupole and axial
electric fields. Bunch accumulation times vary from ∼10 – 250 ms depending on the
experiment being performed. Typical bunch widths of order ∼10 – 20 µs can be
achieved for accumulation of around ∼ 103 − 104 ions s−1. Ion bunch sizes greater
than this suffer from space-charge effects. Ions can be collected for ∼ 1s with a
IGISOL beam production of ∼ 104 ions s−1. More importantly, the ions may also
form molecules in the cooler, resulting in an apparent loss of efficiency in atomic
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Figure 3.4: The inside of the cooler-buncher showing the four stainless steel seg-
mented rods which produce the RF field.
transitions. Transmission efficiency through the cooler is ∼ 60–70 % with loss
mechanisms primarily through the formation of ligands with buffer gas impurities,
mainly H2O.
3.3 The dye laser
High resolution spectroscopy is achieved using a single-mode, continuous-wave Spec-
tra Physics 380D ring dye laser, which has a sub-MHz bandwidth. The fundamental
output covers a wavelength range of 400 – 800 nm and with intra-cavity doubling,
285 – 365 nm. Organic molecules in a liquid solution serve as the gain medium.
Many vibrational and rotational excitations are available in such molecules. Pres-
sure broadening of the closely spaced energy levels (which result from the split-
ting) merge to form a continuum of states. A pump laser is employed to excite
electrons from the ground state sub-level to a higher-lying rovibrational state, see
Fig. 3.5. Rapid subsequent relaxation occurs (in <1 ps) to the bandhead through
non-radiative vibrational and rotational transfer processes. The achieved popula-
tion inversion gives rise to photon emission, with slow photon decay (∼1 ns) back
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to the ground state band. Due to the structure of the dye, the emitted photons are
shifted to a longer wavelength, known as the Stokes’ shift. As there are a vast num-
ber of vibrational levels in a band, a wavelength range of ∼ 50 nm is achievable for
a specific dye. Reflection of photons around the cavity allows stimulated emission
to take place.
Intersystem band crossing can occur, resulting in decays of ∼ µs to states other
than the ground state. These spin-forbidden transitions inhibit stimulated emission,
reducing the power in the cavity. Circulating the dye at high pressures and speeds
minimises the build up of these occupied states. Fast circulation also cools the dye,
eliminating deterioration and thermal lensing of the output.
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Figure 3.5: Level scheme for the organic laser dye molecules displaying dye absorp-
tion, emittance and lasing profiles.
The Rhodamine 6G dye used (in an ethandiol solution) was ejected from a nozzle
to produce a high pressure dye jet of laminar flow situated at the primary beam
waist in the cavity. Three concave mirrors and a flat mirror form the ring cavity,
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Figure 3.6: Setup of the Spectra Physics 380D ring dye laser cavity.
required for amplification at a specific wavelength (see Fig. 3.6). The dye is optically
pumped by a high power continuous wave Verdi laser which is focussed onto the
jet. A polarisation rotator is used to rotate the vertically polarised pump beam by
90o for lasing in the horizontal plane. Lasing results from continual reflection of
photons round the cavity passing though the dye jet leading to increasing stimulated
emission and amplification. The fundamental light then leaves the cavity through
M4, a partially reflecting mirror with the polarisation orientated horizontally.
To minimise losses from reflections in the cavity for a specific polarisation, compo-
nents are positioned at Brewster’s angle. A compensation rhomb focusses light onto
the curved mirror and corrects for aberrations. The unidirectional device (UDD)
consists of a Faraday rotator in a strong magnetic field and an optically active
quartz plate allowing light to pass through in one direction without a change of
polarisation. A quartz plate will turn the polarisation plane of the beam by 2 – 3o
depending on the direction of propagation. This effect works in contrast to the
Faraday rotator with the beam polarisation plane being turned by the same angle
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but independently of direction. The beam in the selected propagation direction
passes through the UDD unaltered whereas propagation in the opposite direction
has its polarisation turned by ∼ 6o, with losses at each Brewster surface subse-
quently encountered.
Travelling waves are supported in the cavity at regularly spaced frequency intervals
(cavity modes) given by the boundary condition, δν = c/L ∼ 230 MHz, with L being
the path length of the cavity. A birefringent filter and thick etalon are inserted to
ensure single-mode output. Coarse tuning of the wavelength is achieved via the
birefringent filter, with a transmission range of 0.5 nm about the maximum. It
consists of three quartz plates of varying thicknesses cut parallel to the optic axis.
Each of the two orthogonal directions have a different refractive index resulting
in a phase difference. Only a narrow bandwidth of light which has undergone a
phase change of a multiple of pi are amplified in the laser. All other wavelengths
are elliptically polarised, resulting in reflection losses at Brewster surfaces. Upon
rotation of the plates about the optic axis, it is possible to tune the wavelength at
which the light passes through the device with its polarisation unchanged.
To achieve single-mode selection from the narrow band determined by the birefrin-
gent filter, an etalon is inserted into the cavity. It consists of two reflecting mirrors
separated by an air space, housed in a temperature controlled unit. Frequency
spacing between peaks in the transmission profile of the etalon is defined by the
free spectral range (FSR):
νFSR =
c
2ηl
, (3.1)
where η is the refractive index, l is the path length of the cavity with νFSR = 75
GHz for the etalon. Figure. 3.7 displays how these birefringent filter and etalon
transmission profiles act in the selection of a single mode within the lasing cavity.
The galvanometer plates (Fig 3.6) are a matched pair and are introduced to shorten
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Figure 3.7: Transmission profiles of components laser cavity allowing single mode
selection.
or lengthen the cavity. Tuning these plates by ± 2o alters the refracted distance
within the two quartz crystals thus allowing the laser to be scanned over ∼30 GHz.
In this process, the thick etalon also has to be scanned synchronously to maintain
the etalon peak in line with the selected cavity mode.
3.4 Laser stabilisation and locking
To obtain minimum linewidth in a spectrum and absolute calibration, the laser must
be stabilised. Transmission profiles of two etalons are recorded by a photodiode to
monitor the fundamental output from the laser. This “StabilokTM” system ensures
the laser frequency is locked to specific positions on the sides of the transmission
profiles. For the majority of a scan the laser is locked to a High Finesse Reference
etalon (500 MHz FSR) which is used to act against high-frequency fluctuations
in the laser (∼100 kHz) mainly caused through sonic/thermal oscillations of the
cavity. Any adjustments by this locked etalon loop are made through the piezo-
electric driven mirror M2.
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If there is a large excursion in frequency such as a mode hop or frequency jump,
a Fabry Perot slave etalon (∼ 8 GHz FSR) drives the laser back to the correct
frequency for reference relocking. Locking the laser to the side of the two etalons
means it is possible to adjust for small drifts and the direction of the drift. The
length of the cavity is modified by twisting the galvanometer plates and etalon
tracking if a large frequency movement is required.
The dye laser is additionally locked to the base of an iodine absorption peak to
correct for long-term drifts of the etalons. High-precision measurements of the
wavelengths of I2 peaks have been performed and the multitude of peaks avail-
able in the laser wavelength range makes this molecule ideal for laser locking [33].
Stabilisation of the laser to frequency fluctuations within a few MHz is achieved.
Subsequent phase monitoring of the dithered laser frequency is achieved by measur-
ing the normalised laser intensity after passing through an iodine absorption cell.
This completes the control loop for this lock.
In the initial setup of the laser to locate the approximate wavelength required, a
wavemeter is used (accurate to 6 s.f.). The fundamental output is split in two beams
and sent down different pathways in an oscillating mirror interferometer (a Michel-
son Morley interferometer). A reference He-Ne laser beam of known wavelength is
also reflected down these paths. Two photodiodes then count the fringes from the
resulting interference patterns allowing the dye laser wavelength to be found from
the ratio of the fringe count.
3.5 Frequency doubling
Many atoms or ions of interest have spectral lines in the UV part of the spectrum.
Non-linear crystals are used to frequency double the laser light for such cases. When
intense laser light is incident on a non-linear crystal, the light field can no longer
be treated as a perturbation and second-order effects can be considerable. At the
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second beam waist in the cavity sits the frequency doubling crystal (BBO). The
dichroic mirror M3 reflects the fundamental light (∼ 600 nm) allowing vertically
polarised, frequency doubled UV light to be transmitted through this output cou-
pler.
If specific frequency components are made to add in phase through the crystal,
a second-harmonic UV beam of a few mW can be readily produced in the cavity
(with ∼20 W fundamental power). To achieve this phase matching, the polarisation
of the frequency doubled light must be perpendicular to that of the fundamental.
Classically, when high intensity light interacts with a dielectric crystal, the electrons
start to oscillate anharmonically. The induced polarisation is non-linear and may
be given by:
P = 0(χ1E1 + χ2E
2
2 + χ3E
3
3 + ...), (3.2)
where χn is the electric susceptibility. On application of a sinusoidal field (E =
E0cos(ωt)), a second polarised harmonic will be generated at twice the oscillation
frequency (E = E0cos(2ωt)). If the phase of the fundamental and second-harmonic
waves are matched then ∆k = 0 where,
∆k = k2ω − 2kω. (3.3)
When this condition is met, the second harmonic is generated with maximum effi-
ciency and with no interference between the two waves. The phase matching condi-
tion can be expressed through the equality of the refractive indices, η(2ω1) = η(ω1).
Negative uniaxial birefringent crystals such as β-Barium Borate (BBO) are there-
fore utilised with the fundamental harmonic as the ordinary ray and the second
harmonic propagating as the extraordinary ray. The index of refraction is indepen-
dent of propagation for the ordinary ray but in the case of the extraordinary ray is
determined by the angle of the beam to the optic axis. Thus on tilting the crystal,
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phase matching is possible.
3.6 Broadening of spectral lines
3.6.1 Natural linewidth
Atomic and ionic transitions have an associated minimum linewidth, known as the
natural linewidth. Spontaneous emission of a photon from an excited state, Ej,
will decay in a time determined by the half life, τi, of the upper state. Following
the energy-time uncertainty principle, each state has a finite energy (∆Ej) and
linewidth (∆νj), which can be expressed by,
∆νj =
∆Ej
h
=
1
2piτi
=
1
2pi
∑
k
Aj,k. (3.4)
Aj,k is the spontaneous emission coefficient and represents all the transition proba-
bilities to allowed lower levels Ek. In a transition between two levels, the Lorentzian
spectral peak line width is a sum of the two level linewidths:
∆νij = ∆νi + ∆νj. (3.5)
In the case of an optical transition from the zero-width ground state, the natural
linewidth is determined only by that of the excited state. Typical linewidths are
of the order of a few MHz. Collisional and power broadening effects also produce
similar Lorentzian broadenings but these can be successfully eliminated by running
the experiment under high vacuum and with modest light intensities (with laser
intensities ∼1 mW at saturation).
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3.6.2 Doppler broadening
Doppler broadening occurs due to ions having an associated velocity spread charac-
terised by the Maxwell-Boltzmann distribution. In the reference frame of the atom,
the laser frequency, ν0, appears to be shifted to ν0(1 + vxc ) when the atom has a
velocity component vx in the +x-direction. The resulting velocity distribution is of
Gaussian nature:
P (vx) ∝ exp
(−mv2x
2kT
)
, (3.6)
with the Full Width at Half Maxima (FWHM) given by,
∆νD = ν0
(
8kT ln2
mc2
)1/2
. (3.7)
The resulting lineshape of a transition with both natural and Doppler broadening
will be a combination of Gaussian and Lorentzian profiles (known as a Voigt profile).
3.7 Collinear laser spectroscopy
The overlapping of a fast ion beam with a counter-propagating single mode, focussed
CW laser beam forms the basis of the collinear spectroscopy technique. Continual
excitation of the ion beam by the high resolution laser makes this technique highly
advantageous due to the high efficiencies and resolution achieved [34]. Typical
acceleration of the ion beams to around 30 keV reduce the velocity spread in the
direction of motion, given by ∆v = ∆E/Mv. The initial (v0) and accelerated
velocity spread are then associated by,
∆v ≈ 1
2
(
kT
eV
)1/2
∆v0, (3.8)
2nd October 2010 56 of 135
3.7. Collinear laser spectroscopy Frances Claire Charlwood
where kT is the energy spread on exit from the cooler (∼ 0.6 eV). Consequently,
there is a decreased Doppler broadening effect reducing the loss of efficiency and
increasing the resolution in the resulting energy spectra. On acceleration, each ion
experiences a gain in energy but the energy spread of the ion distribution remains
the same resulting in a decrease of around 103 in velocity spread and Doppler
broadening. Natural line widths then dominate over the residual Doppler line widths
for individual transitions.
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Figure 3.8: The light collection region of the experimental setup.
A multi-element photomultiplier tube is positioned perpendicular to the ion and
laser beams in the light collection region (LCR), see Fig 3.8. In this region the ion
beam is focused down to a 1 mm waist. It is then overlapped with a laser beam
entering through a Brewster window. The photomultiplier tube (PMT) detects flu-
orescence from photons emitted when resonantly excited ions decay to their ground
states. A system of lenses focus the photons onto the photomultiplier tube, min-
imising aberration losses. A tuning voltage is applied to the LCR to scan through
the region where a specific ionic transition is expected. This Doppler shifts the ions
onto resonance with a fixed-frequency dye laser. The central position of the light
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collection region in this tuning region suppresses fringing field effects. To minimise
scattered light, baﬄes with knife-edged apertures are placed either side of the LCR.
The majority of the background count collected by the PMT arises from laser scat-
tering of photons, typically ∼ 200 counts/s. Background rejection methods are
essential and have previously involved coincidence measurements between the ions
and photons registered by the longitudinal segmentation of the PMT (for position
sensitivity). Coincident fluorescent ions were detected using micro-channel plate
detectors correcting for the additional time-of-flight from the LCR to the plates.
A new method was sought to reduce the effects ion contaminants had on the spec-
troscopy (incident isobaric contaminant ions on the micro-channel plates produce
false coincidences). In the bunching mode, the photomultiplier tube is gated to
receive photons in the time window (∼15 µs) of the ion bunch traversing the light
collection region. This bunching provides a reduction in background of ∼ 104, de-
termined by the accumulation time divided by the gate width. This far exceeds that
of our typical coincidence suppression, due to the level of background ion beams
typically encountered.
3.8 Data acquisition
An existing data acquisition system at JYFL records photomultiplier counts in a
spectrum with a choice of channel number and dispersion. This is achieved by
stepping the tuning voltage (by 1 or 2 V) on the light collection region over a range
containing a specified number of steps. The data acquisition system controls the
tuning voltage provided by a Cooknell voltage supply. It is possible to specify the
time width of each voltage step (the dwell time), typically 10 – 200 ms. Counts
from the photomultiplier tube are recorded for each voltage step and increment a
histogram. After the final channel in the voltage range the data acquisition returns
to the channel zero voltage for a new scan. The cooler and tuning voltages are put
through a potential divider before being read by a digital voltmeter, accurate to
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0.1 V. Laser locking positions are limited by the 0 – 5 kV range of the Cooknell
supply.
In bunching mode, the data acquisition system triggers a master start signal at
the beginning of every new channel count period. A 100 µs gate signal generated
from this start signal is sent to the trap to release the ion bunch. The confining
potential of the trap falls to zero for this gate width and on closure the cooler will
re-accumulate ions for the remainder of the dwell time. The photomultiplier tube
is gated with the timing control sending a signal to “Gate and Delay” generators at
the start of the channel. The width of the gate refers to the ion bunch width. The
time-of-flight of the ions from the cooler to the light collection region is accounted
for by the delay, see Fig 3.9. As a result, photon events are only registered when the
bunched beam is traversing the LCR in a specific time window. The data streams
which can be collected include ungated continuous-mode data (which records all
PMT events) and a bunching mode, where additional data streams can be set up
for different gate and delay times.
100µs 
Trap 
Gate 
~15 µs 
Photomultiplier 
Gate 
Photons 
Ions 
accumulate in 
trap 
Start of channel – 
trigger to release ions 
from trap 
Ions reach light 
collection region 
Delay time 
Time 
Figure 3.9: Signal timing of the data acquisition system in bunching mode.
The spectra taken must be converted to frequency for extraction of the isotope
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shifts and hyperfine structure parameters. Conversion from the channel number to
voltage is undertaken using the cooler voltage, tuning voltage and by calibrating
the applied LCR voltage for three to five different channels. The frequency of the
laser in the ions’ frame of reference is then found. The relativistic energy of each
ion is given by,
γMc2 = Mc2 + eV, (3.9)
where M is the mass of the ion and V is the total accelerating voltage. Considering
the relativistic Doppler shift, the ions see the laser light at a frequency,
ν = νL(1 + α + (2α + α
2)1/2), (3.10)
where νL is the frequency of the laser and α = eVMc2 .
Between ∼ 1 hour long scans on a particular radioactive isotope, a resonance on
a stable isotope is measured. This stable isotope acts as a frequency reference.
It is also used to monitor and correct for voltage drifts throughout the on-line
experimental run. All spectra are then fitted using a χ2 minimisation routine using
Voigt or Lorentzian profiles. Intensities and FWHM of individual peaks, hyperfine
A and B coefficients and the centroid of the structure can all be extracted.
3.9 Optical pumping in the cooler-buncher
At the IGISOL, laser spectroscopy is traditionally performed on transitions from the
ground state or naturally populated metastable states. Spectroscopy from higher
lying states is impossible due to the ions suffering from population relaxation, reach-
ing thermal equilibrium during cooling and bunching.
However, some of these aforementioned transitions do not lie within the wavelength
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of the dye laser used for spectroscopy or may be inefficient. Additional problems
are encountered when the nuclear parameters of interest cannot be extracted from
transitions with low electronic spins. A J = 0→ 1 atomic state transition from the
ground state for example, restricts the extraction of nuclear moments and charge
radii with only three peaks in the hyperfine splitting. Higher transitions in J are
required to determine the nuclear spin. For example, transitions from the ionic
ground state of yttrium only allow spectroscopy on a J = 0 → 1 line, preventing
spin assignments in 98m,100,102Y. In our collaboration, use of optical pumping in the
cooler with Ti:Sa light of 363.4 nm gave a successful spin assignment of I = 4 in
100Y [35].
To calibrate the atomic fields used in the extraction of nuclear data, non-optical
or theoretical estimates of atomic parameters are needed to evaluate the electron
fields. In situations where the element under study has only one stable isotope, only
theoretical calculations can provide the calibration. Pure transitions, such as an
“s→p” transition, significantly reduce the complexity of such calculations. However,
these transitions may not be accessible from the ground state but from metastable
states, such as in the Y2+ alkali-like ion. Here, use of optical pumping in the cooler
with Ti:Sa light of 233 nm light allowed spectroscopy on a 2S1/2 → 2P1/2 line at
295 nm.
The development of optical pumping in the cooler has significantly extended laser
spectroscopy measurements by selectively enhancing the population of low lying
metastable states. It involves driving optical transitions in the ions while held in
the cooler and recovers the losses in population of these levels. Here, the axially
confined, slowly moving ions have a ∼0.6 eV energy spread and can be efficiently
excited by broad line-width lasers of ∼5 GHz. To produce the required wavelength
range, high-output lasers are utilised in conjunction with non-linear optics.
The laser-ion interaction takes place at the end of the cooler, where the ions are
bunched for tens of milliseconds, see Fig. 3.10. In previous studies of yttrium, an
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entire ensemble of 89Y+ ions had their ground state population depopulated with
light from a pulsed Titanium Sapphire laser illuminating the cooler on a 363.3 nm
ground state line. As only ∼ 30% of the bunched ions would temporally overlap
if the pumping effect occurred outside the gas cell, this study showed the point of
interaction must be within the trapping volume.
Figure 3.10: Optical pumping setup showing Ti:Sa light being directed along the
axis of the cooler-buncher.
3.9.1 Selection of transitions
The initial and final state wavefunctions and the intensity of the resonant light de-
termine the probability of the transition. Electric dipole selection rules state which
transitions are allowed or forbidden, with transition strengths being described by
the Einstein A coefficients (or the oscillator strength, f). Selection of suitable tran-
sitions is based on a highly populated lower state and a strong transition strength
of A ∼ 108 s−1. Low J values of the upper and lower states of transition reduce the
number of peaks in the hyperfine structure and increase the intensity of individual
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components.
In the optical pumping cases, collinear spectroscopy is performed on a transition
from a low lying metastable state. An optical pumping line is then selected which
decays almost entirely to this state with little percentage branching to other states.
Efficient optical pumping schemes can be constructed with either strong or weak
transitions.
3.9.2 Laser setup for optical pumping
A Titanium Sapphire (Ti:Sa) laser, pumped by a Nd:YAG laser, form the basis
of the optical pumping setup. The pulsed Ti:Sa laser has an output power of
∼ 2.5 W and broadband wavelengths which range from 700 – 960 nm. Electron-
phonon interactions provide a continuous energy level spectrum in this solid-state
substrate. Wavelengths down to the deep UV region can be reached with the use
of non-linear optics.
The Nd:YAG pump laser consists of a highly reflective mirror and a diode pumped
Nd:YAG crystal. The intra cavity frequency doubling unit gives an output wave-
length of 532 nm, close to the central absorption maximum of Ti:Sa. Q-switching
is employed to increase the power output to ∼ 40 – 50 W through the generation
of 30 – 50 ns pulses.
The Ti:Sa laser is arranged in a z-shaped cavity with four mirrors (for astigmatism
correction). From the pump laser, the light is directed onto a beam splitter and
reflected along the primary pump line onto a focus at the front surface of the
Ti:Sa crystal, cut at Brewster’s angle. A secondary pump line can also be utilised,
focussing the light onto the back surface of the crystal. The two overlapping pump
beams increase the power output of the cavity, with 30% transmission of the light
through the output coupler. There is a birefringent filter (FSR = 100 THz) in
the cavity for coarse wavelength adjustment, with cavity modes being separated by
δν ∼ 500 MHz. The etalon is required for fine tuning (FSR = 300 GHz) and sits
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next to the high reflectivity mirror, see Fig. 3.11.
Figure 3.11: Setup of the Titanium Sapphire laser cavity.
On exit from the cavity the laser light can be frequency tripled or quadrupled for
its use in optical pumping in the cooler-buncher. For the case of Mn, two frequency
doubling units in succession act to frequency quadruple the light down to 230 nm
with a power of ∼ 30 mW. In frequency doubling, a spherical lens focuses the
fundamental light onto a BBO crystal. The fundamental and doubled beams are
then separated by a dichroic mirror. The final quadrupled beam is further focused
via a series of lenses and transported to the cooler-buncher, see Fig. 3.10.
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A portable DAQ device for laser spectroscopy
4.1 The U3 LabJack system
An investigation was made into the possibility of using a compact, inexpensive data
acquisition (DAQ) system for laser spectroscopy. This could be used in conjunction
with a portable laser spectroscopy system, outlined in a recent proposal by the
Manchester collaboration [36]. The control and acquisition of this system consists of
a laptop, a USB controlled U3 LabJack [37] and some (minor) additional electronics.
The U3 LabJack is a measurement device providing a variety of functions including
analog I/O and digital I/O [37]. This DAQ system once proven at the JYFL facility
could then be employed with a portable laser spectroscopy system at other facilities
such as GSI as well as for domestic use.
During an experimental run, parameters such as start voltage, V/ch dispersion and
dwell time are fixed for the duration of a scan. Dynamic acquisition and control
during a run is via the LabJack U3 [37] in conjunction with the existing JYFL laser
setup instrumentation. It is demonstrated here that the LabJack is ideal for laser
scanning, timing the arrival of photons and use in bunching mode. It has undergone
further development for a January 2008 run since initial tests in 2007.
Currently at the JYFL laser facility there is a data acquisition system with a pre-
cision 12-bit 10 volt DAC and the ability to scan a range of 1000 volts at typically
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1 V/channel on top of an offset (or start) voltage. This is used for controlling the
tuning voltage of the light collection region. The dedicated DAC analog output (0
– 5 V) of the LabJack has the ability to replace the scanning voltage in this system.
The LabJack can thus control a Cooknell voltage supply of range 0 – 5 kV via the
use of a resistive divider. This converts a ∼2 V DAC scan range to the many 100 V
scan range provided by the Cooknell.
The LabJack has up to two timers and one counter enabled. The first timer records
the time spent on a channel which monitors any variation in real dwell time. In
bunching mode, the second timer can be enabled to time the arrival of the photons
in the light collection region. A counter is required to count photons received by
the photomultiplier tubes. In bunching mode, the time between the start of the
channel and the arrival of a photon in the LCR can be recorded in the second timer,
see Fig. 4.1. Both timers are set to trigger on the leading edge of incoming signals.
4.2 Operational modes of the LabJack
4.2.1 Off-line continuous mode
In continuous mode at JYFL, the DAC output drives the scanning voltage at typ-
ically 100 ms/channel. Each time the voltage steps up to a new channel, the time
it takes the voltage to settle can become a significant part of the scan. Using an
accurately defined 100 ms pulse outside of this trouble ‘settling’ region will give an
exact time window where the photomultiplier tube can be gated to collect photons.
In off-line tests, the critical measurement is the number of photons detected within
a precisely known time window. Off-line measurements are made to locate the most
efficient atomic transitions in an element for eventual use in on-line runs.
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4.2.2 On-line bunching mode
Here, the dwell time is set in the range 10 ms/channel to 200 ms/channel. The
voltage stability problems at the start of a channel are accounted for by gating
signals on the ion bunch when it reaches the LCR.
In the cooler’s bunching mode, the trap potential is set to 0 V for ∼100 µs, thus
allowing the ion bunch (of significantly shorter width) to fully escape. It takes
∼80 µs for A = 100 ions to travel from the cooler-buncher to the LCR. The Lab-
Jack can produce a start signal to trigger the release of ions from the trap whilst
simultaneously driving the delay circuit of the PMT. The use of further logic gate
circuitry triggers the “timer start” as shown in Fig. 4.1. Background events consti-
tute typically 2% of detected events and cannot be vetoed. The counter only counts
photons if they appear within the specified time window.
4.2.3 Atomic beam work
In atomic beam unit work at Manchester, a stable sample is produced from an
oven and interacts perpendicularly with a laser, the frequency of which is scanned.
The LabJack’s DAC output voltage would be slowly ramped at ∼ 1 s/channel over
100 channels to ensure the laser remains on lock. The counter would only start
registering counts once the voltages have stabilised. Operating in ‘slow’ mode the
relative settling time is negligible with respect to the channel width. The DAC
output may be amplified to ramp the galvanometer plates in the range 0 – 10 V for
slow, stable scanning of the laser.
4.3 Initial testing
Various tests were carried out to assess and optimise the capabilities of the Lab-
Jack. Some early observations included the need to start the DAC above 0.7 V (for
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Figure 4.1: Basic setup of the LabJack and other components. The scanning and
offset voltages are summed through the controller to the Cooknell voltage supply.
linearity) and that resetting the counter each time the voltage was stepped up in-
troduced unnecessary dead time. The counter is now never reset and the difference
between consecutive readings is evaluated. Since the photon accumulation is very
low and the maximum time of a run is ∼2 hours, the total counts collected will
never exceed the 32-bit register.
The widths of single pulses were initially determined to be ∼4 ms (indicative of the
command response time) with random excursions of this width up to ∼20 ms. This
pulse width was improved to ∼0.6 ms by connecting the LabJack through a bus
powered 4-port hub. The reductions made in excursions in the command-response
mode are detailed below.
4.4 Stability and tolerances of output pulses
In a dedicated timing system, the time between two events is defined by high pre-
cision clocks. If a USB controlled timing device is used in command-reponse mode
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the time between a start and stop pulse for a requested period will vary depending
on the other computing processes being carried out (for example, writing to the
hard disk). This will delay the USB output increasing the temporal width of a
channel by feasibly many tens of milliseconds.
A external 555 timer device was tested with the LabJack to ascertain whether the
timing accuracy could be increased. Reasonably accurate timing windows of 10
– 200 ms could be readily created from the variable (but longer) length LabJack
pulses.
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Figure 4.2: Sample histogram showing the variation of the 100 ms requested dwell
time when running the LabJack controlled by the Tcl/Tk program. The computer
processing time is approximately 20 ms. Inset is a spectrum demonstrating the
random excursions experienced where the dwell time could be as high as 200 ms.
Raw pulses produced from a digital output on the LabJack (requested as output-
high then immediately as output-low) were controlled by a code written in C with a
Tcl/Tk graphical interface. Running the operating system live in the RAM greatly
reduced the signal excursions of ∼3 ms with the computer processing time a fixed
∼20 ms offset from the “real” time. The system still suffered rare but worrying
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excursions (due to kernel activity) where a pulse, i.e. the USB request, would
randomly take ∼70 – 100 ms longer than expected. The processing speed of a
computer was found not to improve the pulse width stability or the excursions
observed. A slight improvement in stability was seen if a graphically displayed
histogram of the spectra was not continually updating on the screen and all window
graphics were turned off. Remote GUI can still be used to access the updating data
while the run is proceeding.
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Figure 4.3: Sample histogram showing the variation of the 100 ms requested dwell
time controlling the LabJack after the implementation of the C code. The computer
processing time is approximately 3 ms here.
After running single pulse production continuously just using code in C alone, it
was found that the Tcl/Tk scripting language was the major contributor to the
increased dwell times and the excursions observed, interrupting the processing of
data to and from the LabJack. In this work, the whole code which would control
the LabJack and its associated data collection processes was rewritten in C code.
The sizeable improvement in the stability of the time window requested is shown
in Figs. 4.2 and 4.3. The achieved performance is well within the accuracy required
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Parameter LabJack specification Actual performance
Counter Rate (Max) 8MHz <200×103 counts/s
Timer Edge Rate 30×103 counts/s (Burst mode)
Timer resolution ∼1µs <1µs
Slew time 0.4V/ms ∼0.4V/ms
Command/Response speed 0.6ms 0.6ms
Minimum Dwell time N/A ∼20ms
Table 4.1: Comparison between the specification of LabJack and its actual perfor-
mance.
for our acquisition system. A typical computer processing time of 3 ms added to
the requested dwell time with fluctuations of ±0.5 ms is now observed when the
LabJack is connected through a bus powered 4-port hub. Additionally, there is the
option to automatically re-run a channel if a dwell time is over 5 ms longer than
requested to veto ‘bad’ events. In this re-run mode, the deadtime is ∼1% with
an updating spectrum running throughout the scan. This device is cost efficient,
compact and clearly usable. Table 4.1 shows how the LabJack quoted specification
compares with its actual performance. As such a 50 GBP unit not only replaces 2
NIM crates and 1 VME but provides µs precision event time stamping.
4.5 Testing the device at JYFL
In July 2007, the LabJack was tested in an off-line fluorescence spectrum of 89Y2+
when the timing problems still existed. The spectra obtained were of similar quality
to that taken with the existing data acquisition system but now had full photon
timing information recorded. Fig. 4.5 shows gated spectra taken using the LabJack.
The new photon timing feature was successfully tested, shown by the 2D plot in
Fig. 4.4. This also shows the detection of multiple photons within a bunch with
an edge-to-edge time of ∼5 µs (photon bursts).
In January 2008, following this work, the LabJack was once again tested at JYFL.
This time the photon output was ‘faked’ by feeding the start pulse from the LabJack
for the trap gate through the JYFL gate and delay generator and sending it back
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Figure 4.4: 2D spectrum and projected time spectrum (for 89Y2+) demonstrating
the ability to time photon arrival at the LCR. Note the multiple photon events at
an edge to edge time of ∼5 µs (photon bursts).
into the LabJack counter. The stability of the timing in the system was as observed
previously - a computer processing time of 3 ms added to the specified dwell time
with fluctuations of ±0.5 ms.
4.6 Locating new hyperfine resonances
Two different methods of detecting hyperfine peaks were introduced using the Lab-
Jack system. The U3 LabJack used in these experiments was updated to a new
10-bit DAC version. Currently, when scanning across hyperfine resonances, 80–
90% of the time is spent acquiring background counts off resonance. This new
method aimed to maxmise the time spent on the peak channels, especially relevant
in situations where there is low efficiency and/or statistics. This would allow faster
detection of hyperfine peaks and to extend measurements increasingly further from
stability.
In the case of 108Mo for example, a peak to background of ∼ 3 to 1 is observed for
a 25 channel scan of one hour’s duration, see Fig. 4.6. The peak and background
count rates are approximately 0.08 s−1 and 0.035 s−1 respectively. Many problems
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Figure 4.5: Sample gated spectra taken in July 2007 for 89Y2+. Off-line bunching
of ions was employed in a J=1/2 to J=1/2 transition. The spectrum on the left
shows the gated photon bursts with a delay of 0 µs and duration 15 µs, and right,
a 15 µs gate on the main photon arrival peak with a delay of 105 µs.
are encountered in neutron-rich or neutron-deficient nuclei with low production
rates. This leads to low statistics, a high background count rate and random events
detected, even when employing bunching methods (in a Poisson statistics regime).
A new “holding” method of locating resonances was developed in which the channel
number was frozen for a specified number of dwell periods when a photon is detected.
If a subsequent photon is detected within this time, the “hold” time is reset. If
desired, the count rate can be normalised according to the time spent per channel.
A “normal” spectrum is firstly taken with the background rates recorded. The “hold”
time is expressed in number of dwells and is set to < 1/(random count rate), with
reciprocal count rate on the peak optimal. Thus on encountering resonance, the
increased photon counts increases the time spent on these peak channels.
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Figure 4.6: Hyperfine spectrum for the I = 0+ 108Mo ground state collected over a
1 hour scan period. Here the peak to background is ∼ 3 to 1.
In a second “multiplying” method of locating resonances the system holds on a
specified channel for n+1 dwell periods, where n is the number of photons accu-
mulated to date. This method starts in a manner similar to the “normal” counting
system but as the statistics build, more counts accumulate on the peak and the sys-
tem spends increasingly more time on the peak channels (resulting in a “compound
interest” effect).
4.6.1 Data collected using the new peak detection methods
The original, 8-bit, LabJack was set up to simulate a hyperfine resonance, see
Fig. 4.7. This consisted of a random generator of ∼1 Hz with a voltage dependent
random generator simulating a Gaussian peak superimposed on this background.
This LabJack read in the voltage produced by a 10-bit LabJack which acted as the
data acquisition device. The 10-bit LabJack ramped the voltage over 50 channels
with a timer recording the total time spent on each channel. A counter received the
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Figure 4.7: Setup of the two LabJacks for detecting hyperfine peaks in the limit
of low statistics and high background. The 8-bit LabJack (OEM board) simulates
a hyperfine resonance and background and the 10-bit LabJack acts as the data
acquisition system.
pulses produced from the 8-bit LabJack and this simulated a real life experiment.
As shown in Fig. 4.8, a peak to background of 3 to 1 closely resembles that of
the 108Mo counting rates described earlier. In a 30 minute scan with the random
generator set to give a peak to background of 3 to 1, Fig. 4.8(a) is the best of the
scans taken for a “normal” counting spectrum with the majority of scans resulting
in poor peak visibility. The three peak channels represent 6% of the overall scan
time in the normal counting system. However, the time spent on these channels
dramatically increases to 32% and 16% in the “multiplying” (Fig. 4.8(b)) and “hold-
ing” (Fig. 4.8(c)) systems respectively. In fitting these peaks, the spectra can be
renormalised for the time spent per channel.
The random generator was then set to give a peak to background ratio of 50 to 1
with a scan time of 30 minutes. As shown in Fig. 4.9, the “holding” and “multiplying”
methods both increase the “real” counting rate by a factor of ∼ 10. Both Figs. 4.8
and 4.9 show that the “multiplying method” locates the peak more efficiently with
the advantage of this method being that no user input is required.
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Figure 4.8: A simulated hyperfine resonance with a peak to background of 3 to 1.
Scans were run for 30 minutes using (a) the normal data acquisition method, (b)
the “multiplying method” and (c) the “holding method” which was set to hold at 38
dwell periods (with the dwell time set to 100 ms).
4.7 Future outlook for portable DAQs
Continuous mode gating and multiple photon timing are both to be incorporated
into our new DAQ. The use of a portable laser spectroscopy system at other facilities
may impose further timing constraints (shorter dwell time required) and these must
be explored. The LabJack however will now be replaced by one of two candidates.
An Arduino 8-bit microcontroller with 8k bytes of in-system programmable flash
is a future option with two 8-bit timer/counters, one 16-bit timer/counter and 10-
bit ADCs. The other candidate is the “mbed prototyping board” with a 100 MHz
ARM processor with 512 kB of flash memory, 12-bit ADC, 10-bit DAC and four
32-bit timers. These new systems would remove the computer processing time of
∼ 3 ms which is added onto the specified dwell time, simultaneously eliminating
the previously observed fluctuations.
The two, successfully demonstrated, novel counting techniques both show great
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Figure 4.9: A simulated hyperfine resonance with a peak to background of 50 to 1.
Scans were run for 30 minutes using (a) the normal data acquisition method, (b)
the “multiplying method” and (c) the “holding method” which was set to hold at 13
dwell periods (with the dwell time set to 100 ms).
potential for locating hyperfine peaks in the limit of high background and low
statistics. The results show clear and substantial improvements in peak visibility if
the DAQ pauses or acknowledges previous photon detection in a given channel. For
off-line experiments, peaks can be easily located via these two methods. On-line
experiments would benefit from shorter scan times for calibration isotopes and the
reduction in time spent building statistics on radioactive isotope scans.
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Nuclear charge radii of molybdenum
5.1 Previous studies in the N = 60 region
Neutron-rich nuclei in the region around N = 60 exhibit rapid structural changes
between spherical, strongly oblate and prolate shapes. These effects are seen on even
single-nucleon addition across an isotope chain or on excitation above the ground
state. Studies of Sr and Zr 2+1 state lifetimes originally indicated an abrupt shape
change in this region involving the believed coexistence of spherical and strongly
deformed shapes [38]. Small and relatively constant B(E2) values were measured in
N = 48 – 58 nuclei with a dramatic increase seen atN = 60. Supporting this picture,
the magnetic moments of Zr are close to spherical Schmidt estimates prior to N
= 60 [39] and the structures of 96,98Zr show 0+ first excited states (characteristic
of closed shell spherical nuclei). However, following these original studies, gamma
spectroscopic measurements started to suggest a more gradual onset of deformation
with small quadrupole moments associated with excited states and the absence of
strongly deformed rotor bands in N < 60 nuclei [40]. This was attributed to the
shape coexistence of an increasingly deformed configuration which becomes the
ground state at N = 60, whereafter rovibrational highly-excited nuclear states are
observed. Quadrupole moments and mean-square charge radii in Rb and Sr reflect
these studies with a maximum static deformation at N ∼ 60 [41–43]. Krypton
charge radii are however seen to display a more steady increase across N = 60 [44].
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Nuclei with Z = 39 – 45 are of a refractory nature (boiling point higher than that
of Fe) and cannot be produced with the required efficiency at conventional ISOL
facilities. Optical measurements on Zr [45] and Y [11] at the IGISOL in 2002,7
both show a sudden onset of deformation at N = 60. In Zr, β2 deformation derived
from B(E2) values and mean-square charge radii show considerable differences but
relative agreement is seen beyond N = 60 where the nucleus reaches a rigid static
prolate shape. Due to the 0, 1/2 nuclear spins across the Zr isotope chain, no
information on the quadrupole moments could be extracted. The same situation was
encountered in the ground states of yttrium isotopes but the isomeric states yielded
critical Qs values across N = 60. Extraction of static and dynamic deformation
parameters in yttrium show an increasing oblate shape with increasing β-softness
up to 98mY. Here, calculations predict the weak oblate and strong prolate potential
wells to be near degenerate after which a strong prolate deformation prevails [11].
Optical measurements in niobium also follow these trends with a smaller level of
static deformation seen past N = 60. Contrary to that seen in Y, substantial
β-softness is present before and after the shape change [46].
Measurements of the stable molybdenum isotope shifts were first made in 1978 by
Aufmuth et al. [47]. Complementary data from electron scattering, muonic atom
spectroscopy and K X-ray spectroscopy have culminated in highly accurate values
of model-independent charge radii. To fully probe the evolution of the charge radii
at and beyond N = 60, radioactive isotope shifts and charge radii measurements
were measured here through spectroscopy on the singly-charged ion and have been
reported in [48]. The d5 ionic ground state shows the distinctive characteristics
of all half-filled electronic shell structures. Lying lowest in energy, the well-bound
6S5/2 state is spherically symmetric with no excited nuclear states until ∼ 1.5 eV
where recoupled configurations appear in a densely populated region. Consequently,
transitions in the deep UV are encountered for spectroscopy from the ground state.
Spectroscopy with atomic molybdenum using charge-exchange techniques populates
a cluster of metastable states, resulting in a poor population for individual states
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Transition λ (nm) log gf A (s−1) El (cm−1) Eu (cm−1) Jl Ju
1 289.0991 -0.20 8.387 ×107 12034.06 46614.14 1.5 2.5
2 290.9106 -0.48 6.521×107 11783.36 46148.12 0.5 1.5
3 293.0485 -0.18 1.282 ×108 12034.06 46148.12 1.5 1.5
4 293.4299 -0.42 1.472 ×108 11783.36 45853.08 0.5 0.5
5 295.6052 -1.00 3.814 ×107 12034.06 45853.08 1.5 0.5
Table 5.1: Transitions within the doubled dye laser wavelength range in molybde-
num. The lower energy level of each transition is based upon the d4s configuration.
and low spectroscopic efficiency.
5.2 Oﬄine work and selection of transition
Traditional spectroscopy from the ground state of the Mo ion is all but impossi-
ble using a dye laser as a wavelength at ∼ 210 nm is required for the transition.
However, in off-line work the high-lying first excited state of ionic Mo was observed
to be well populated, and capable of surviving hundreds of milliseconds of cooling
and bunching. Five transitions, shown in Table 5.1, were accessible within the dye
wavelength range from states in this d4s configuration and were tested on the basis
of the resonant ion to photon efficiency.
In Table 5.1, Transition 1 was neglected on the basis that the intensity would be
shared between too many hyperfine peaks. Transitions 3 and 5 were measured to
have a poor resonant photon-to-ion interaction efficiency of greater than 1 photon
per 100,000 ions. The efficiency of Transition 2 was ∼ 1 photon per 24,000 ions in
the oﬄine testing and was used later in an experiment to determine the sign of the
hyperfine A coefficients in the 293.43 nm transition. Transition 4 had surprisingly
high spectroscopic efficiency of ∼ 1 photon per 12,000 resonant ions with a naturally
enhanced population of the lower state. This 4d45s 6D1/2 → 4d45p 6F1/2 transition,
shown in Fig. 5.1, was thus chosen for a speculative online experiment. Unlike the
other transitions, no quadrupole moment information could be determined from
Transition 4.
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Figure 5.1: Atomic level scheme in the molybdenum ion showing the ground state
and first few low lying metastable levels which lie in a highly dense region around
1.5 eV.
This naturally enhanced state at 11783.36 cm−1 was subsequently seen to be popu-
lated independent of production mechanism. As attempts to optically pump along
the axis of the SPIG result in no population change, this effect has been attributed
to a potential redistribution of state population in the SPIG [49]. After storage in
the cooler-buncher the ions typically relax to thermal equilibrium. However, this
relaxation is not seen in Mo, the ions instead reaching a bottleneck in the lowest
metastable state (4d45s 6D1/2), with a transition to the ground state strongly for-
bidden. This hindrance may due to the vast structural differences between the d4s
excited metastable states and the d5 ground state.
A small piece of natural molybdenum was placed in the electric discharge source
to produce a ∼70 pA 98Mo beam. After focussing down to 1 mm, the beam was
overlapped with a frequency-doubled dye laser providing 0.7 mW of UV power. The
natural abundances of molybdenum are shown in Table 5.2.
Using Equation 3.10 rearranged in terms of νL, the approximate laser frequency
required for the transition was found, with V defined as the tuning potential sub-
tracted from the voltage of the cooler-buncher. The resonances of the seven stable
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Isotope I % abundance
92Mo 0+ 14.84
94Mo 0+ 9.25
95Mo 5/2− 15.92
96Mo 0+ 16.68
97Mo 5/2− 9.55
98Mo 0+ 24.13
100Mo 0+ 9.63
Table 5.2: Relative abundances of isotopes in molybdenum.
isotopes were located by locking the laser to an iodine resonance peak and predict-
ing where the voltage centroid of each structure should approximately lie through
the kinematic shift,
α =
(ν − νL)2
2ννL
, (5.1)
where α = eV/Mc2. Equation 2.16 was then used to determine the hyperfine
splittings of the odd-A isotopes. Thus the actual position of the hyperfine peaks in
the stable Mo isotopes were sought assuming a small isotope shift.
5.3 Online experiment and production mechanisms
In late 2009, a cyclotron accelerated beam of protons at a variety of energies
was delivered to the IGISOL, and a series of experiments were carried out to
study the molybdenum isotope chain. Proton-induced fission on a natural ura-
nium target natU(p,f)92−108 produced stable and neutron-rich radioactive isotopes.
Neutron-deficient isotopes were also obtained through fusion evaporation reactions
93Nb(p,3n)91Mo and 92Mo(p,pxn)90,91Mo. Radioactive 91Mo was produced at a flux
of ∼3000 ions s−1 and 108Mo at ∼250 ions s−1. Recoiling reaction products from
the ion guide were thermalised in the He buffer gas, extracted through the SPIG
and mass separated.
Parameters such as the helium pressure in the IGISOL chamber and the SPIG
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voltages and amplitudes were optimised before extracting an initial mass analysed
98Mo beam. The RF - frequency and amplitude of the cooler-buncher were then
optimised. The Mo beam was found to be rather insensitive to the cooler pressure.
In the on-line reaction producing neutron-deficient Mo isotopes, γ-rays from the
isomeric state of 91Mo (τ1/2 = 64.6 s) were used to optimise pre-cooler parameters.
No such γ-rays were available in the neutron-rich region and instead γ-rays in Y,
Zr were used to optimise the IGISOL. A series of Faraday cups, or micro-channel
plates at smaller beam intensities, were then used to tune the beam to the end of
the beamline for laser spectroscopy.
The counting rate of photons for the 0+ hyperfine centroid peak in 98Mo was used to
optimise the bunching times in the cooler-buncher to 100 ms per bunch. For weaker
beams, trapping the ions for 200 ms gave the best resonant photon to ion efficiency
(in the case of neutron-rich isotopes 106,108Mo). An 85 µs delay between the ions’
ejection from the cooler-buncher and the gated photon signal (of 15 µs width) was
introduced to allow for the time-of-flight to the light collection region. For the
neutron-deficient isotopes, the delay on the gated photons was adjusted to ∼79 µs
to account for the lighter masses reduced time-of-flight from the cooler. One hour
scans in regions containing radioactive isotope hyperfine peaks were interspersed
by measuring a reference isotope (90,92,100,104Mo). Three different laser locks were
required during the on-line running to ensure hyperfine peaks could be located
within the range of the accelerating voltage (due to the range of kinematic shift
experienced across A = 90 – 108). The radioactive isotopes studied are shown in
Table 5.3. Previous to this work, nuclear spins in 103,105Mo were unconfirmed and
there was no information on the ground state magnetic moments or charge radii.
The hyperfine centroids of these isotopes were predicted using a similar method to
the stable Mo isotopes. Equations 2.16 and 2.17 were used to predict the position of
the hyperfine peaks, using the known magnetic moments and extracted hyperfine
A parameters of 95,97Mo along with single-particle estimates for the radioactive
isotopes.
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Isotope I T1/2
90Mo 0+ 5.56h
91Mo 9/2− 15.49m
102Mo 0+ 11.3m
103Mo (3/2+) 67.5s
104Mo 0+ 60s
105Mo (5/2−) 35.6s
106Mo 0+ 8.73s
108Mo 0+ 1.09s
Table 5.3: Radioactive isotopes of Mo studied in this work.
5.4 Analysis of the Mo isotopes
For each of the spectra taken, the total accelerating voltage, noted at the first, mid-
dle and last channels, was calibrated over the channel range. A χ2 minimisation
routine was used to fit the voltage centroids of the reference isotope peaks. A slow
resonance position drift (of voltage equivalent ∼3 V) associated with the I2 locking
was observed over the course of the 5 day experiment. Voltage shift corrections
were made to the individual spectra which were then summed for each isotope. Fol-
lowing conversion to frequency using Equation 3.10, first-order hyperfine fitting of
all spectra with Voigt profiles (convolutions of Gaussian and Lorentzian lineshapes)
was undertaken by minimising the χ2 of the fit. The reduced χ2 ranged from 0.9
→ 1.6 for all spectra with power broadened linewidths of ∼ 65 MHz observed.
5.4.1 Stable Mo isotopes
Isotope shift values and hyperfine A parameters extracted from the spectra of the
stable Mo isotopes are shown in Table 5.4. Statistical errors arise from the fitting
of the individual peak centroids and the systematic scaling error from the reading
of the acceleration voltage. In the fitting of 95,97Mo hyperfine spectra two solutions
were found to exist for the hyperfine A parameter, unavoidable due to the 1/2 →
1/2 transition used. A second transition (4d45s 6D1/2 → 4d45p 6F3/2) at 290.91 nm
was therefore studied to determine the sign of the A parameters in this transition.
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Figure 5.2: Hyperfine spectra observed in stable 95Mo. (a) The transition 4d45s
6D1/2(11783.36 cm −1) → 4d45p 6F3/2 (46148.12 cm−1) with a fit included and (b)
the transition 4d45s 6D1/2(11783.36 cm −1) → 4d45p 6F1/2 (45853.08 cm−1)
Negative hyperfine A parameters were extracted with the upper 4d45p 6F3/2 state
having A = –135.9(3) MHz and B = 0(2) MHz. Fig. 5.2 shows spectra for the 95Mo
isotope studied on both transitions.
Isotope shift values extracted from the seven stable isotope spectra and model-
independent mean-square charge radii were modified by the factor µ in Equa-
tion 2.38. The δ〈r2〉AA′ values were taken from the combined analysis of Fricke
et al. [12]. A King plot [21] was then formed with the isotope shift and δ〈r2〉AA′
values in order to calibrate the mass and field parameters, shown in Fig. 5.3. The
gradient of the resulting linear fit gives the field factor and the intercept gives the
mass shift. For each data point, the position on the straight line which minimises
the ratio of distance of the data point from the line by the radius vector of the
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A I pi A(6F1/2) (MHz) A(6D1/2) (MHz) δv92,A
′
(MHz)
90 0+ - - –475(3)[9]
91 9/2+ –390.1(7) –520.3(8) –171(2)[5]
92 0+ - - 0
94 0+ - - –762(1)[9]
95 5/2+ –688.4(5) –919.7(5) –925(1)[13]
96 0+ - - –1390(1)[16]
97 5/2+ –702.2(6) –940.0(6) –1391(1)[21]
98 0+ - - –1842(1)[20]
100 0+ - - –2645(1)[33]
102 0+ - - –3635(7)[42]
103 3/2+ –335(3) –447(4) –4156(7)[46]
104 0+ - - –4353(6)[46]
105 (5/2−) –417(5)a –552(6)a –4644(8)[53]a
106 0+ - - –4836(8)[56]
108 0+ - - –4992(8)[63]
a assuming a spin of I = 5/2.
Table 5.4: Isotope shifts and hyperfine A parameters for the upper (6F1/2) and lower
(6D1/2) states experimentally determined using the ionic transition at 293.43 nm.
Isotope shift values (δvA,A
′
) are given relative to A = 92. Statistical errors are given
in curved brackets and total errors, including scaling systematic uncertainties, in
square brackets.
error ellipse in that direction [50] was determined. The minimisation of the covari-
ant parameters was used in the determination of an atomic field parameter, F =
–3024(157) MHz fm−2 and nuclear mass shift δν96,98MS = +195(43) MHz.
5.4.2 On-line analysis
Sample spectra of the neutron-deficient 91Mo and even neutron-rich isotopes are
shown in Figs. 5.4 and 5.5 respectively. Isotope shift values were extracted for
radioactive isotopes 90,91,102,103,104,105,106,108Mo. Using the field and mass shift pa-
rameters from the King plot analysis and respecting the covariance, changes in
mean-square charge radii could be extracted for all radioactive isotopes, shown in
table 5.5. The covariance was accounted for by transforming the data relative to
〈x〉 = 0. Systematic errors are dominated by the errors on the non-optical data
values.
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Figure 5.3: Modified King plot of Mo isotope shifts plotted against δ〈r2〉 [12].
In the fitting of the 95,97Mo spectra, a differential atomic hyperfine anomaly [19]
of 0.17% was observed in the ratio of the hyperfine A ratios between these two
isotopes. This was neglected in the analysis of the radioactive isotope data, with
an insignificant contribution to the final uncertainties on the radioactive magnetic
moments. Magnetic moments of 95Mo and 97Mo , µ = – 0.9142(1) µN and µ = –
0.9335(1) µN [51] respectively, were used to calibrate the magnetic moments of the
radioactive isotopes. This was achieved using hyperfine A parameters in 91,103,105Mo
(shown in table. 5.4) in conjunction with equation 2.17 and stable isotope data.
Extracted moments are included in table. 5.5.
For the cases of 103,105Mo, the spectra were fitted with the hyperfine peak intensities
constrained to weak field angular momentum coupling estimates. A comparison of
the χ2 was made for different values of assumed nuclear spin in the range I =
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Figure 5.4: Fitted resonance spectrum for 91Mo observed on the transition 4d45s
6D1/2(11783.36 cm −1) → 4d45p 6F1/2 (45853.08 cm−1).
3/2 – 9/2. For 103Mo, a definite minimum in χ2 was observed at I = 3/2. This
spin assignment is consistent with previous measurements of lifetimes, energy level
spacings, β-decay feeding patterns and intraband branching ratios which assigned
a 3/2+[411] configuration [52, 53]. Due to poorer statistics, possible spins for 105Mo
were limited to I > 5/2. In a Nilsson model basis, the I = 5/2 spin is favoured
and more specifically the 5/2−[532] configuration based on the band structure and
mixing ratios, and β-decay evidence of 105Nb [54, 55].
5.4.3 Changes in mean-square charge radii
As shown in Fig. 5.6(a), the mean-square charge radii for the isotopic chains Z =
36 – 42 all increase from N = 50, exhibiting differing characteristics in the rate of
increase at N = 60. All chains display a minimum in δ〈r2〉 at N = 50, typical of
radial behaviour at a magic shell closure. An increasing degree of oblate, dynamic
deformation becomes evident in Sr, Y, Zr, nuclei with an abrupt change in δ〈r2〉
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Figure 5.5: Hyperfine spectra of the even neutron-rich Mo isotopes observed on the
transition 4d45s 6D1/2(11783.36 cm −1) → 4d45p 6F1/2 (45853.08 cm−1). For each
isotope, the peak centroid is indicated, and a dashed line shown to guide the eye.
at N = 60. Following the shape change, a prolate, rigid deformation dominates in
the nuclear ground states. Yttrium undergoes the largest changes in δ〈r2〉, marking
the centre of this highly deformed region. Isotopic chains either side of Z = 39
display a gradual fall off in terms of the deformation change across N = 60, with
a near identical trend in charge radii seen in Zr and Sr, see Fig. 5.7(a). Further
weakening of the deformation is seen in Rb and Nb, where, for example, there
is smaller static deformation and greater levels of β-softness before and after the
shape change [46]. Charge radii in molybdenum strongly depart from this sharp
change in shape, shown in the comparison with Zr in Fig. 5.7(b). Also seen in Kr,
a more gradual change approaching and crossing N = 60 is observed, with smooth
change in deformation. As N increases above 60, a decrease is apparent in the rate
of change of charge radii, indicating a likely decrease in deformation. This effect
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Table 5.5: Magnetic moments and δ〈r2〉 values obtained in this work. δ〈r2〉 values
are given relative to A = 92. Statistical and scaling systematic errors are given in
curved and square brackets respectively. Column 3 shows the δ〈r2〉 values of Fricke
et al [12] used in the calibration.
A I pi µ (µN) δ〈r2〉92,A (fm2)a δ〈r2〉92,A (fm2)
90 0+ - - +0.084(1)
91 9/2+ –0.932(3) - +0.021(1)
92 0+ - 0 0
94 0+ - 0.321(4) +0.322[3]
95 5/2+ –0.9142(1)b 0.408(4) +0.410[26]
96 0+ - 0.600(4) +0.597[11]
97 5/2+ –0.9335(1)b 0.635(6) +0.630[12]
98 0+ - 0.820(6) +0.811[20]
100 0+ - 1.139(4) +1.139[39]
102 0+ - - +1.526(1)[70]
103 3/2+ –0.27(2) - +1.727(1)[90]
104 0+ - - +1.821(1)[100]
105 (5/2−) –0.55(2)c - +1.945(2)[114]c
106 0+ - - +2.036(2)[125]
108 0+ - - +2.140(2)[138]
a Ref. [12], b Ref. [51], c assuming I = 5/2.
can also be seen in the hyperfine structure centroids of the even-A Mo isotopes in
Fig. 5.5.
Mass measurements made by the IGISOL Penning trap group are shown in Fig. 5.6(b)
in the form of two-neutron separation energies (S2n), given by:
S2n = [−M(A,Z) +M(A− 2,Z) + 2n]c2, (5.2)
where M (A,Z) is the nuclear mass. A near perfect agreement is seen between the
interpretation of the charge and mass systematics, even across the shape change.
The largest changes in S2n occur in Y, decreasing in magnitude towards Mo, where
only weak effects are seen. Limited changes in structure are seen beyond N = 60
for Z ≥ 42 isotonic chains which exhibit almost linear trends in S2n [56].
From a macroscopic viewpoint, a good correlation is expected between the system-
atics of S2n and 〈r2〉. This is expected from the Weizsäcker and droplet formulae,
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Figure 5.6: (a) Difference in mean-square charge radii in the N = 60 region shown
for krypton [44], rubidium [41], strontium [42, 43], yttrium [11], zirconium [45] and
molybdenum given relative to N = 50. Each isotope chain is set apart by 0.5
fm2 for clarity. (b) Two-neutron separation energies shown for krypton, rubidium,
strontium, yttrium, zirconium, niobium and molybdenum [56–61]. Relative errors
are smaller than the symbol sizes.
with both leading terms dependent on
(
1 + 5
4pi
δ〈β2〉). In more detail, a comparison
of the measured charge radii and various nuclear models also show general good
agreement as shown in Fig. 5.8. Global calculations of Möller et al. [65] predict
the highest quadrupole deformation to occur at N = 65, after which a continual
decrease in deformation is seen until N = 114. Earlier calculations of Möller et
al. [64] show a steady increase in deformation from a near spherical shape at N =
50 across the N = 60 shape change. For N = 60− 70 the quadrupole deformation
is relatively constant, peaking at N = 63. An oblate ground state is predicted is N
= 71, after which the a gradual decrease in deformation is seen. Relativistic mean
field calculations are compatible with the measured charge radii up to N = 62, after
which the β2-deformation becomes oblate with a corresponding drop in δ〈r2〉. Ex-
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Figure 5.7: (a) Comparison of the zirconium [45] and strontium [42, 43] mean-square
charge radii as a function of neutron number. Data are normalized to N = 50. (b)
Differences between zirconium [45] and molybdenum charge radii over the N = 50
shell closure and N = 60 shape change. The dashed lines of rms β2 deformation
are calculated from the droplet model [62] using equation 2.35 and are normalised
to the value of βrms2 = 0.1 taken from B(E2) measurements [63] for 92Mo.
tended Thomas-Fermi plus Strutinsky integral method calculations underestimate
δ〈r2〉 prior to N = 60 and overestimates thereafter. A maximum deformation is
predicted at N = 66 and with an oblate deformation dominating at N = 68.
Potential energy calculations of Skalski et al. [68] in this region show prolate and
oblate minima occurring for Kr, Sr, Zr and Mo isotopes. Prolate deformations are
highest in the middle of the shell around Z = 38, 40 and N = 60, 62, 64 [68]. In
calculations of the Mo isotopes, an oblate/prolate shape coexistence is predicted
with an oblate ground state appearing at N = 66. The magnitude of this oblate
deformation is less than that of the prolate deformation which is consistent with
a decrease in the charge radius. As N increases two prolate minima are predicted
and a possible indication of triaxial instability.
93 of 135 2nd October 2010
Frances Claire Charlwood 5.4. Analysis of the Mo isotopes
50 60 70
Neutron Number (N)
0
0.5
1
1.5
2
2.5
?<
r2 >
92
,A
 (f
m2
)
Molybdenum experimental data
ETFSI
RMF
Möller and Nix (1995)
Möller and Nix (2008)
? = 0.0
? = 0.1
? = 0.2
? = 0.3
? = 0.4
Figure 5.8: Variation of the nuclear charge radii with neutron number. Exper-
imental data are compared to theoretical global macroscopic-microscopic calcula-
tions [64, 65], relativistic mean field theory (RMF) [66] and extended Thomas-Fermi
plus Strutinsky integral method [67]. β2-isodeformation lines calculated from the
droplet model [62] are shown for comparison and are normalised to the rms β2 value
for 92Mo taken from B(E2) measurements [63].
2nd October 2010 94 of 135
5.5. Future work on the molybdenum isotopes Frances Claire Charlwood
J=1/2 
J=1/2 
(Ground state) 
11783.36cm-1 
45853.08cm-1 
J=3/2 
J=3/2 
J=5/2 
48022.45cm-1 
J=3/2 
12034.06cm-1 
46148.12cm-1 
d4 s 
d5  
d4 p 
d4 p 
Optical pumping in the 
cooler at 208 nm 
Spectroscopy lines 
Figure 5.9: Atomic level scheme showing the future possibilities for optical pumping
in the cooler at 208 nm. Spectroscopy could then be performed from either of the
d4s states.
5.5 Future work on the molybdenum isotopes
The charge radii of molybdenum up to N = 66 are strikingly different to other
isotopic chains in the Z ∼ 40 region and have been reported in [48]. Due to the use
of an J = 1/2 → 1/2 atomic transition, no quadrupole moment information could
be gained from the experiments detailed here. Knowledge of the static deformation
parameters spanning theN = 60 shape change would provide important information
on the nature and softness of the deformation. Comparisons to that of the known
β-softness in niobium and yttrium could then be made. Future experiments would
also aim to explore the rate of decrease in mean-square charge radius as the neutron
number increases beyond N = 66. Such measurements provide information about
the nature of the deformation and would help to improve the nuclear models entering
this critical region of the nuclear chart.
A different choice of transition from either of the d4s states, shown in Section 5.1,
would readily achieve the photon-to-ion efficiency required for spectroscopy if optical
pumping techniques were employed. A 208 nm frequency-doubling crystal for the
Ti:Sa laser setup is available but the effect of optical pumping in the cooler is yet to
be tested. As shown in Fig. 5.9, the enhancement in population of these low lying
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metastable states would give on-line spectroscopic access to the 4d45s 6D1/2 →
4d45p 6F3/2 and 4d45s 6D3/2 → 4d45p 6F3/2 transitions. On-line experiments aimed
at quadrupole moment studies would focus on scanning the hyperfine structures
of odd-A Mo isotopes (due to the 0+ even-A ground states and lack of low lying
isomers) with lines chosen to keep J , J ′ low.
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6
Laser spectroscopic studies of the N = 28 shell
closure in manganese
6.1 History of the N = 28 region around manganese
Early shell model calculations found it very challenging to describe the widely vary-
ing nuclear level systematics seen in the Z = 20 – 30 region [69–71]. More recent,
large-scale shell model calculations are, however, proving successful in reproducing
experimental results [72]. Suggestions from γ-ray spectroscopic studies have led to
new proposed shell closures in this region of the chart appearing at 16, 20, 30, 32
and 34 while other, well established shell closures have vanished [73–75]. In some
cases, the two-neutron separation energies reflect the structure observed in γ-ray
spectroscopic studies [76–78]. In other cases there has been a lack of correspon-
dence and such effects have been attributed to a “masking” by deformation [77] or
an enhanced collectivity of the nuclear levels [79].
Prior to this work the nuclear binding was seen to closely follow the reported trends
in the charge radii, as highlighted in the Chapter 5 around the Zr region. An
attempt at a comparison in the Z = 20 – 30 region suffers from a distinct lack
of charge radii information, with measurements only made in Ca [12], and more
recently, for Z > 30, in Ga [80] and Cu [81]. Classical spectroscopic results suggest
a range of behaviour in the charge radii of Cr [12] (some of which may be considered
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questionable). This emphasises the importance of undertaking such measurements
around the mid-shell, in particular for manganese.
Experimentally, different trends in the systematics have often been observed be-
tween the two-neutron separation energies and γ-ray spectroscopic measurements
with charge radii typically supporting the former as opposed to the latter. The
region Z = 20 – 30 has attracted particular attention due to the range of shell
effects that have been reported. For example, studies around N = 40 in nickel have
shown a distinct peak in the energies of the first excited 2+ states, a clear minimum
in the strength of the B(E2) rates [74] and many isomeric states in nuclei around
68Ni [82]. Further evidence of this proposed subshell closure is seen in the first 0+
excited state of 68Ni which is observed to be higher than other neighbouring even-
even nuclei [83]. However, the two-neutron separation energies (S2n) in Ni display
little evidence of additional nuclear binding at N = 40 [78]. On moving away from
Z = 28 it is thought that the well-defined sub shell structure is lost, indicated by the
sudden lowering of the first excited 2+ states in 66Fe and 70Zn [84] (and a possible
onset of deformation).
7/2-­‐	  
(7/2)-­‐	  
(5/2)-­‐	  
5/2-­‐	  
N=28	  N=20	  
Z=28	  
Z=25	  
N=25	  
Figure 6.1: Ground state nuclear spins of odd-even isotopes in the Z = 25, N = 28
region.
In the valley of stability at N= 28, the peak in the energy of the first 2+ excited
state in nickel is less pronounced and there is little decrease in the B(E2) compared
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to neighbouring isotopes. Additionally, the three magnetic moments, 55Ni, 57Cu and
57Ni, neighbouring 56Ni show a departure from the single-particle values [85, 86].
This has been attributed to 56Ni being a potentially “soft” shell model system with
a successful description only achieved if there is a reduced (∼49%) probability that
the state is in the lowest-order closed shell configuration [87] (i.e. significant core
excitation is present). As Z decreases from 28, the close neighbour correspondence
between the 2+ energies, B(E2) values, S2n and 〈r2〉 breaks down completely [88, 89].
No B(E2) decreases are observed experimentally and the two-neutron separation
energies differ significantly between isotope chains.
6.1.1 Manganese level systematics
It was clear from the conception of the shell model [90] that describing the nuclear
structure of manganese would be particularly challenging from a theoretical point
of view. With three proton holes in the f7/2 shell, all odd-A isotopes should naively
have a ground state spin of 7/2− in a simple independent-particle model. However,
this is only true of 53Mn at the N = 28 shell closure. The ground state spin of
all other known odd-A manganese isotopes is 5/2− (also seen in the odd proton
isotones along N = 25), as shown in Fig. 6.1. A basic explanation for this ground
state configuration involves the coupling of three proton holes in the f7/2 shell
combined with additional neutron excitations across N = 28 (beyond the simple
shell model).
As shown in Fig. 6.2, all Mn isotopes have low-lying 5/2− and 7/2− states but then
no excited states until ∼1.2 MeV where a highly dense region is reached. Early
calculations tried to describe the low-lying level structure of 53Mn with a pure(
pif7/2
)−3 configuration [69, 70], which was improved significantly by the inclusion
of admixtures of other configurations [91]. Theoretical attempts to reproduce the
level schemes of 55Mn required very large long-range two-body interactions [92] and
significant n − p interactions to lower the 5/2− state below the 7/2− state [71]. A
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49Mn 51Mn 53Mn 55Mn 57Mn 59Mn 61Mn 
7/2- 
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1/2- 
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Figure 6.2: Low lying nuclear levels in Mn isotopes across N = 28.
study of the nuclear moments in 51Mn and 52Mn showed that although the magnetic
moments were closely associated with a shell model picture [93] a collective model
was required to describe the quadrupole moments [94]. Lifetime and g-factor mea-
surements, along with M1 and E2 transitions, in the lowest lying multiplet of 53Mn
were observed to have a close resemblance to 51V, with a dominant configuration
of
(
pif7/2
)3. The weak M1 transition strengths indicated that a pure-jj coupling
description is almost certainly invalid [95].
The previous experimental and theoretical calculations all indicate that in Z = 25
the large proton valence space results in at least some weakening of the shell closure
across N = 28. An optical study of Mn should therefore provide critical insight into
the magicity of this shell closure near stability.
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Transition λ (nm) log gf A (s−1) El (cm−1) Eu (cm−1) Jl Ju
1a 229.8955 -2.418 9.634 ×105 0 43484.64 3 2
2a 230.5005 -2.062 1.554 ×106 0 43370.51 3 3
Table 6.1: Transitions from the ground state of the Mn ion tested in the optical
pumping technique. The ground state is based on a d5s 7S3 configuration.
Transition λ (nm) log gf A (s−1) El (cm−1) Eu (cm−1) Jl Ju
1b 293.3055 -0.12 1.959 ×108 9472.97 43357.14 2 1
2b 293.9308 0.08 1.855 ×108 9472.97 43484.64 2 2
3b 294.9205 0.23 1.859 ×108 9472.97 43370.51 2 3
Table 6.2: Metastable state transitions within the dye wavelength range in man-
ganese. The lower energy level of each transition is based on a d5s 5S2 configuration.
6.2 Oﬄine work and selection of transitions
Like molybdenum, manganese is a refractory element and has a well-bound ionic
ground state (with a d54s configuration). At ∼230 nm, resonant transitions from
the ground state are unachievable with even the frequency-doubled dye laser. The
population enhancement of a low-lying metastable state is therefore required for
spectroscopy on the Mn+ ion to be possible.
As described previously, a discharge source was used to create a stable beam of
55Mn which was overlapped with light from the dye laser, which provided ∼0.8 mW
of UV power in the light collection region. Transitions available for metastable
state spectroscopy were tested in conjunction with optical pumping of the ground
state transitions (shown in Table 6.1) using light provided by the Ti:Sa laser setup
described in Chapter 3. Wavelengths produced by the Ti:Sa laser were frequency
quadrupled with an output power of ∼ 20 mW on exit from the optical table.
Transition 2a in Table 6.1 was selected for the optical pumping transition as all
resonant photon-to-ion efficiencies when using the alternative Transition 1a were
50% worse, irrespective of the spectroscopy line used.
Three spectroscopy transitions were identified as shown in Table 6.2. Without
optical pumping techniques employed, Transitions 1b and 3b had resonant photon-
to-ion efficiencies of∼1 in 250,000. Transition 2b was twice as inefficient as the other
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two transitions and was therefore rejected. Employing optical pumping and while
bunching the ions for 100 ms, Transitions 1b and 3b were again tested. Efficiencies
of 1 photon per 12,000 ions and 1 photon per 4,500 ions, respectively, were achieved
for the most intense peak in the 55Mn hyperfine spectrum. The 3d54s 5S2 (9472.970
cm−1)→ 3d54p 5P3 (43370.510 cm−1) transition at 294.9205 nm was thus chosen for
the on-line experiment, shown in Fig. 6.3 along with the 230.5 nm optical pumping
line. The dramatic improvement in efficiency (∼ ×56) of the transition using optical
pumping in the cooler-buncher is the largest effect seen to-date.
J=2 
(Ground state) 
9472.97cm-1 
J=3 
43370.51cm-1 
J=3 
d5 s 5S2 
d5 p 5P3 
Spectroscopy at  
294.92 nm 
d5 s 7S3 
M1 
(forbidden) 
Optical pumping in the  
Cooler at 230.5 nm 
Figure 6.3: Atomic level scheme in manganese showing the transitions used for
optical pumping and laser spectroscopy of the Mn+ ion. The forbidden M1 spin
flip from 7S3 – 5S2 was achieved by pumping on E1 transitions via the 5P3 excited
state.
As seen in Fig. 6.4 the hyperfine peaks at higher frequency initially displayed rel-
atively more enhancement in intensity when Ti:Sa light was illuminating the axis
of the cooler. This effect was further explored by varying the wavelength of the
quadrupled Ti:Sa laser about the centroid of the 230.5005 nm transition. As shown
in Fig. 6.5(b)-(d), individual hyperfine F states can be directly populated, their in-
tensity changing with the pumping frequency. With no optical pumping employed,
the component intensities observed in Fig. 6.5(a) are close to those predicted by
weak-field angular coupling estimates. This is our first observation of direct F -state
population and was used to selectively increase the efficiency of individual hyperfine
peaks of interest.
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Figure 6.4: Hyperfine structure of 55Mn demonstrating the improvement in effi-
ciency when Ti:Sa laser light illuminates the axis of the cooler-buncher. The spectra
were taken in “continuous” running mode with an ion current of ∼160 pA.
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Figure 6.5: Hyperfine spectra of the stable isotope 55Mn on the 294.9205 nm spec-
troscopy line. The effect of direct population of hyperfine F states via optical
pumping can be seen. Spectra (b), (c) and (d) show the variation of relative hyper-
fine intensities as a function of the quadrupled Ti:Sa wavelength about the centroid
of the 230.5005 nm spectral line. The peak intensities of each spectrum are ob-
served to deviate from those observed without pumping (a) (which are consistent
with weak field angular coupling estimates).
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Isotope I T1/2
50Mn 0+ 283.29ms
50mMn 5+ 1.75m
51Mn 5/2− 46.2m
52Mn 6+ 5.591d
52mMn 2+ 21.1m
53Mn 7/2− 3.74×106y
54Mn 3+ 312.12d
55Mn 5/2− Stable
56Mn 3+ 2.5789h
Table 6.3: Radioactive isotopes of Mn studied in this work.
6.3 On-line production of Mn isotopes
Neutron-deficient isotopes of Mn were produced in fusion evaporation reactions at
the IGISOL. Proton and deuteron beams delivered from the cyclotron were used
in the reactions 50Cr(p,n)50,50mMn, 52Cr(p,n)52,52mMn (from a 3.4% contaminant in
an enriched 50Cr target) at 14 MeV, 50Cr(d,n)51Mn at 13 MeV, 55Mn(p,pxn)53,54Mn
at 33 MeV in an on-line experiment in July 2009. In October 2009, a beam of
deuterons from the cyclotron were used in the reaction 56Fe(d,2p)56Mn at 25 MeV.
Table 6.3 shows the isotopes studied and their half-lives.
Recoiling ions were thermalised in a He gas flow, electrostatically extracted and
focussed by the SPIG then mass analysed. In this experiment, the stainless steel
rods and repeller plate of the SPIG were replaced by equivalent components manu-
factured from oxygen-free copper, see Fig. 6.6. Background beams in the A = 50 –
60 region were significantly reduced as a result (previously released by the on-line
glow discharge of the SPIG). As none of the reactions studied would produce the
stable isotope 55Mn (a vital reference for our isotope shift measurements), a thin
piece of Mn foil was mounted across one side of the repeller plate of the SPIG and
bent up to slightly encroach at the entrance hole. As the ion plasma produced
within the ion guide reaches the SPIG, discharge bombardment of the Mn foil oc-
curs releasing 55Mn ions. Reference scans on the 55Mn isotope were essential for use
as a calibration throughout the experiment to monitor and correct for voltage and
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Figure 6.6: Left: SPIG rods and repeller plate machined from oxygen-free Cu.
Right: Mn foil mounted onto repeller plate of SPIG to provide a discharge of stable
55Mn ions.
frequency drifts.
The 55Mn beam was additionally used in beam tuning and initial optimisation of
parameters such as the He gas pressure in the ion chamber and SPIG parameters.
The beam was then directed to the γ-station where the radioactive yields of the
mass selected 50mMn isomer were optimised. Faraday cups were then used to tune
parameters along the remainder of the beamline (for 55Mn) using large stable yields
at different masses. Finer beam tuning was undertaken at smaller radioactive beam
currents using micro-channel plates. A delay of 62 µs was required between the
release of the ion bunch (stored for a dwell time of 100 ms) and ions arriving at
the light collection region. Resonant photons were detected within a 15 µs wide
gate which were in coincidence with the ion bunch arrival. In the case of 50Mn, the
data was collected over 7 hours of scanning. Progressing from 50Mn to the heavier
masses, the delay time was increased by 0.5 µs/A to account for their increased
time-of-flight. Approximate voltage positions of the hyperfine centroids for each of
the radioactive isotopes could be predicted using an estimated magnetic splitting
(Equation 5.1) and zero isotope shift. Hyperfine splittings were estimated using
Equations 2.17 and 2.18 using known moments or single-particle estimates in cases
where nuclear moments were unknown.
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Figure 6.7: Hyperfine spectra observed in isotopes 50−56Mn on the 3d54s 5S2
(9472.970 cm −1) → 3d54p 5P3 (43370.510 cm−1) transition. Isomeric structures
in 50,52Mn are denoted by asterisks and the ground state structure in 52Mn is de-
noted by ‘g’. The dotted lines show the centroids of the hyperfine structures.
A I pi Au(5P3) (MHz) Bu(5P3) (MHz) δv55,A (MHz)
50 0+ - - –1573(2)
50m 5+ –59.9(2) +213(29) –1514(8)
51 5/2− –155.1(3)a +111(20)a –1201(26)
52 6+ –55.5(1)a +133(20)a –745(7)
52m 2+ –0.4(1)a - –782(3)
53 7/2− –156.3(1) +41(7) –418(2)
54 3+ –119.8(2) +99(6) –192(4)
55 5/2− –150.8(3) +85(4) 0
56 3+ –116.9(2)a +126(39) +240(6)
a Hyperfine parameters scaled using known nuclear moments [96].
Table 6.4: Isotope shifts and hyperfine A and B parameters for the upper (5P3)
state experimentally determined on the 294.9205 nm spectral line. The hyperfine
B of the lower state was set to zero in all cases, consistent with measured values.
Hyperfine A ratios were constrained to that observed in 55Mn. Isotope shift values
(δvA,A
′
) are quoted relative to A = 55 with statistical errors. Systematic errors on
the isotope shift values, arising from the calibration in the acceleration voltage, are
∼0.1% and have not been included in the table.
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6.4 Analysis of the Mn isotopes
During the on-line runs, the most intense resonance peak in 55Mn was used as a
calibration between scans on the radioactive isotopes. A χ2 minimisation technique
was used to fit the individual voltage centroids of 55Mn with an observed drift in
resonance of ∼1 V over the course of the seven day experiment. After correction for
voltage drifts, spectra for each radioactive isotope were summed and converted to
frequency using Equation 3.10. All hyperfine spectra were then fitted to first order
using Lorentzian lineshapes via a χ2 minimisation technique. Fig. 6.7 displays the
hyperfine spectra obtained for 50,50m,51,52,52m,53,54,55,56Mn.
The hyperfine parameters of the lower state of 55Mn were determined to be A(5S2)
= –1197.5(5) MHz and B(5S2) = 0(4) MHz, with the upper state parameters shown
in Table 6.4. These are in good agreement with the previous work of Villnoes et
al. [97]. For this spherically symmetric state Bl was then set to zero in the fitting of
all the radioactive isotopes, in accordance with Equation 2.15. In the fitting of the
56Mn spectrum, the hyperfine A parameter was constrained using Equation 2.17
and known electromagnetic moments [96] as insufficient components were observed
for a “free” fitting to be attempted. Hyperfine A ratios were constrained in 51Mn
and 52Mn, while Bu was constrained to match the previously published quadrupole
moment. In the unresolved structure of 52mMn, constraints were placed on the hy-
perfine A ratio and the intensities of the hyperfine peaks set equal to those predicted
by weak-field angular coupling estimates. The fitting produced two solutions of the
Bu parameter, –79(8) MHz and +64(8) MHz, which did not affect the centroid
value and which minimised the χ2 equally well. Free fitting was possible for the
full hyperfine structures obtained in 50m,53,54Mn. Nuclear moments were extracted
using Equations 2.17 and 2.18 and found to be in agreement with the published
moments where known, shown in Table 6.5.
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6.4.1 Extraction of mean-square charge radii
As only the 55Mn 〈r2〉 value is known from previous non-optical measurements,
extraction of δ〈r2〉 cannot be achieved using the traditional King Plot [21] method.
Instead atomic structure calculations based on a multi-configurational Dirac Fock
(MCDF) method [98, 99], which have recently been extended to include open-shell
atoms and ions [100] using bound-state wavefunctions from the Grasp92 code [101],
were used. Use of the MCDF calculations resulted in a field factor of F = –
572 MHz fm−2 and a mass factor M = +852 GHz u for Mn. Observation of the
convergence to these values on increasing the scale (and space) of the computation
suggests uncertainties of ∼15% on F and MSMS.
These computational results are in close agreement to semi-empirical estimates
of the field shift. Estimates of the expectation of the electron wavefunction at
the nucleus were made using the Landé-Goudsmit-Fermi-Segré (LGFS) formula
(Equation 2.42), the LGFS adapted by Kopfermann (Equation 2.45) and the orig-
inal Grasp code [30]. The resulting electron densities for the 4s1/2 electron lie
in the range a30|ψ(0)|2ns = 4.0 – 5.1 au and give a field shift between –630 and
–880 MHz fm−2 using Equation 2.32 rewritten as,
F = 29.979
pi
Z
a30|ψ(0)|2nsf(Z). (6.1)
On its own this field shift range suggests that mass shift parameters of M < 580
GHz u and M > 1150 GHz u would suggest unphysically large changes in δ〈r2〉, i.e.
very different from previously measured values in the region. This is fully compatible
with the independent results of the atomic structure calculations described above.
The extracted manganese δ〈r2〉 values are presented in Table 6.5 and shown in
Fig. 6.8. The effect of a 15% uncertainty inMSMS, shown in Fig. 6.9, pivots the δ〈r2〉
values about the reference isotope and dominates the systematic error (uncertainties
on F only weakly scale the final values of δ〈r2〉).
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Figure 6.8: Differences in the manganese and calcium [102, 103] mean-square charge
radii as a function of neutron number. For clarity, the isotone chains are set apart
by an arbitrary 0.05 fm2. Isomeric states in 50,52Mn are denoted by the diamonds.
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Figure 6.9: The effect on the extracted manganese δ〈r2〉55,A of a specific mass shift
uncertainty of 15%. The error bounds represent a locus for the data points.
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Figure 6.10: Two neutron separation energies across the N = 28 shell closure shown
for isotopic chains from Z = 20 – 31 [61]. The relative errors are smaller than the
symbol sizes.
6.4.2 Analysis of the charge radii in manganese
In Fig. 6.8, the manganese δ〈r2〉 values are compared with the calcium charge
radii [102, 103]. In both isotopic chains a significant “kink” is observed at N = 28
with δ〈r2〉 rising sharply either side of this magic shell closure. The substantial
increase of δ〈r2〉28,30 = +0.3 fm2 in Mn and Ca is also seen in the stable Cr and
Fe isotopes [12]. On the neutron-deficient side of the shell closure nearing N = 25,
the two isotope chains display a slight deviation in trend, with a smaller δ〈r2〉28,N
displayed in Ca.
A very different trend is displayed in the two-neutron separation energies, shown
in Fig. 6.10, where it is seen that manganese, quite unlike calcium, exhibits a
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steady linear trend in S2n across the N = 28 shell closure. Changes in the two-
neutron separation energies are apparent across N = 28 for all other neighbouring
isotones, with the largest effects seen in calcium. This observation of a nuclear
shell closure seen in the charge radii and not in S2n measurements is very different
to regions of higher Z, as discussed in Chapter 5. Here, the distinct shell closure
seen in the charge radii closely resembles the structural effects suggested from γ-ray
spectroscopic studies and is discussed in Section 6.4.5.
6.4.3 Electromagnetic moments in Mn across N = 28
Magnetic moments
Prior to this work, magnetic moments in this region were known to high accuracy for
the 50−56Mn ground states and many isomeric states. The magnetic moments in Mn
are however not particularly sensitive to the shell effects which we hope to explore
and this can be seen by using Equation 2.5. A simple gyromagnetic coupling of the
three holes in the proton valence shell results in the g-factor shown in Equation 6.2.
If coupled to a possible neutron pair excitation, the result in Equation 6.3 applies,
g
(
pif7/2
)n
5/2
= g
(
pif7/2
)
, (6.2)
g
(
pif7/2ν(..)2
)n
5/2
= 1.06g
(
pif7/2
)− 0.06g (ν(..)2) . (6.3)
These two possibilities give near identical results for g (a pair of neutrons couple
to g ∼ 0 in a purely classical picture). A magnetic moment estimate for the odd-
A isotopes with a ground state of 5/2− is therefore µ5/2− ∼ (5/7)µ7/2− almost
irrespective of the degree of cross-shell neutron excitation.
Importantly though, in this work the magnetic moment of theN = Z nucleus 50mMn
was newly determined and found to be µ = +2.76(1)µN . Empirical shell model
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estimates of nuclear moments for odd-odd nuclei can be made by the coupling of
neighbouring singly odd-A nuclei and are particularly “simple” for N = Z systems.
A simple addition of the magnetic moments for the 5/2− ground states in 49Cr and
51Mn gives an I = 5 magnetic moment of µ = +3.0923(3) µN , using Equation 2.5.
This is close to the experimental result as will be discussed in the next sections
and highlights the fact that this nucleus exhibits near perfect shell model behaviour
despite the complexity of its proton valence space.
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Figure 6.11: (a) Manganese mean-square charge radii across the N = 28 shell
closure and, (b), the reduced Mn quadrupole moments, Qs/〈II20|II〉 (this work
and ref. [96]).
Quadrupole moments
Key quadrupole moments for the N = Z nucleus 50mMn and the N = 28 53Mn
system were deduced in this work (and are shown in Table 6.5). In Fig. 6.11, the
nuclear quadrupole moments for all Mn isotopes are compared with the charge
radii. The reduced quadrupole moment is defined in Equation 2.6 by 〈I||(E2)||I〉
and is for the even-N systems an estimate of the single-particle 〈r2〉. As shown in
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Figure 6.12: Experimental and theoretical GXPF1A [72] level energies and spins
for the first three lowest lying states for isotopes in Mn studied.
Fig. 6.11, the variation of the reduced quadrupole moment of the even-N isotopes
closely reflects the changes in 〈r2〉. Coupling the nuclear quadrupole moments of
49Cr and 51Mn in this stretched configuration to provide a shell model estimate of
50mMn gives Qs = +0.84 b, perfectly agreeing with the experimental value, Qs =
+0.80(12) b. Again despite the complexity of the system, the shell model description
of low-lying states in Mn near stability appears valid, with no indication of coherent
nuclear motion nor shape-driving effects.
6.4.4 GXPF1A shell model calculations
Theoretical GXPF1A shell model calculations [72] have been performed for the
studied Mn isotopes determining the energy, spin and nuclear moments for the first
three lowest lying states. Effective charges ep = 1.5 and en = 0.5 for the quadrupole
moments and the free nucleon gs values for the magnetic moments were used in the
calculations. The reproduction of observed level energies and spins is excellent with
only 50,56Mn showing state-order inversion, shown in Fig 6.12.
Nuclear moments, shown in Table 6.5, are also in good general agreement with
experimental values and are only outside errors for 50m,53,56Mn where the calculated
quadrupole moments are somewhat smaller than the experimental values. For the
7/2− ground state in 53Mn, this is due to the challenge posed to the shell model
at a neutron shell closure (combined with the softness of the 56Ni core). In the 5+
50mMn isomer, the complex valence space at N = Z = 25 is likewise difficult to
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model. However in 56Mn, the experimental quadrupole moment is similar to 54gMn
with some additional softness but the shell model estimate is surprisingly small
(Section 6.4.5).
In the calculations it is clear that only states of highly mixed configuration can fully
describe the low-lying states of the Mn isotopes. Previously it has been assumed
that 53gMn was more “single particle” like than the Mn 5/2− ground state systems.
However, these large and successful shell model calculations show that this is not the
case. For the 7/2− ground state of 53Mn, 60% of the wavefunction is calculated to be
in the leading 56Ni[pi(1f7/2)−3]7/2 configuration and 50% for the same configuration
coupled to 5/2− in the excited state. The 5/2− ground state of 55Mn has a dominant
configuration of 56Ni[pi(1f7/2)−3ν(2p3/2)2]5/2 and is calculated to contain only 27%
of the wavefunction. However, the same configuration in the 7/2− state accounts for
only 33% of the wavefunction and all four systems show substantial configuration
mixing.
For the 50mMn isomer, coupling the shell model estimates for the magnetic and
quadrupole moments of 49gCr and 51gMn give, µ = 2.964 µN and Qs = 0.71 b re-
spectively (again close to the experimental values). Both the 49gCr and 51gMn are
calculated to have ∼ 40% of the wavefunction in the leading (1f7/2)−3 configuration
for neutrons and protons [104]. Despite this departure from simple single-particle
systems, the couplings and estimates of the shell model are supported by the exper-
imental results and no additional coherence or collectivity is required to describe
the state.
6.4.5 Discussion and future work
When the experimental work reported here was initially proposed it was considered
likely that the charge radii of manganese might display a subdued or non-existent
“kink” at the N = 28 shell closure. Many reasons to believe so could be cited (and
still can be). In the study a potentially soft neutron shell closure was to be targeted
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in an isotopic chain with a highly mixed proton valence configuration. It was
known that the S2n have a linear trend over the target shell closure and that charge
radii in only marginally more heavy nuclei show a near perfect correspondence
between S2n and δ〈r2〉. Having made the measurements it is now clear that, despite
these seemingly well founded considerations, the trends of δ〈r2〉, the quadrupole
moments and to a lesser degree the magnetic moments show no such behaviour
and are instead perfectly compatible with both the structure suggested by γ-ray
spectroscopic studies and that of the GXPF1A shell model. A clear shell closure is
displayed in the Mn charge radii which is remarkably close to, and in every way as
“good” as, the trends observed in doubly magic calcium.
From a macroscopic point of view, with respect to deformation, the trends between
the two-neutron separation energies and δ〈r2〉, should be closely related (in the first
approximation they have the same functional dependence on β2). In Mn, a complete
lack of correspondence between these parameters is apparent with no enhancement
in binding disturbing the smooth trend across N = 28. The course of the S2n can-
not be explained by the “masking” provided by a changing quadrupole deformation
(such a possibility has been raised in order to describe non-correspondence in lighter
systems) as this parameter was also measured in this work and is observed to closely
follow the trends in charge radii. Possible explanations for the absence of a “shell
closure effect” have been offered, following the publication of the charge radii re-
sults [105], where the proximity of N = Z (typically associated with a large increase
in nuclear binding, the Wigner energy) and the proximity of the proton drip line
are suggested to mask an otherwise, presumably, Ca-like shell crossing effect [106].
In the Ni isotope chain there is indeed an enormous shell effect due to the N = Z
nucleus coinciding with the shell closure. In manganese the two effects are suggested
to increase S2n below N = 28 thus reducing the discontinuity at N = 28 itself and,
as definite shell effects in nuclear binding are seen in neighbouring nuclei at Z =
24 and 26, it is required that Mn represents a balance point of these effects (which
then sum to a linear trend). Alternatively it may more simply be that charge radii
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and S2n, which behave similarly for deformation changes, do not behave similarly
when shell effects are encountered. In either case a non-macroscopic interpretation
of δ〈r2〉, is required and as such a shell model calculation of the nuclear mass would
be highly desirable.
6.4.6 Recent and future 57,58Mn measurements
The one neutron-rich isotope measured here shows the greatest departure from
the shell model of any Mn isotope. An important extension of these studies to
increasingly neutron-rich nuclei would show whether this persists and vitally if
discrepancies between these nuclear parameters are also seen at the proposed N =
32, 34 and 40 subshell closures.
It has been possible in this work to show that the first of these measurements
can be made at JYFL. The (d,2p) reaction, accessible at the IGISOL for Mn has a
surprisingly large cross-section of & 100 mb [107] and this reaction, 56Fe(d,2p)56Mn,
was successfully used in the October 2009 on-line experiment. On the last day of
the October experiment, the γ-station was used to investigate the yields of different
Mn isotopes. An enriched (old) heavy iron target of unknown isotopic abundance
produced a significant beam of 58Mn ions, most likely from a percentage of 58Fe
present in the target. Fig. 6.13 shows γ-yields for two of the studied reactions.
In April 2010, an on-line experiment was performed with 25 MeV deuterons on a new
1.8 mg cm−2 enriched 58Fe target, see Fig. 6.14, to explore 57Mn and 58Mn yields.
Despite a large background beam contamination of 650,000 s−1 (from unrelated
vacuum problems), the most intense peak of the 57Mn hyperfine structure was
optically observed with 600 resonant ions s−1, shown in Fig. 6.14. Due to the
contamination and other cyclotron problems more 57Mn and 58Mn peaks could not
be located. However, once recovered or by improving our vacuum by an order of
magnitude these measurements will be readily possible. It will be one of the first
experiments taking place in the new laboratory at JYFL, see Chapter 7.
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Figure 6.13: Stars indicate γ-rays associated with 58Mn from the Fe target. Trian-
gles indicate γ-rays associated with 53Fe produced via the (p,3n) reaction channel
from the 55Mn target. Circles indicate background γ-rays.
Isotope I Ex (MeV) µ (µN) Qs (b)
57Mn 5/2− 0 +3.45 +0.36
58Mn 4+ 0 +3.31 +0.53
58mMn 1+ 0.051 +2.60 +0.11
Table 6.6: Nuclear moments of 57,58Mn determined from GXPF1A shell model
calculations [72].
The hyperfine structure of 57Mn was predicted assuming the same µ and Qs as 55Mn
and a small isotope shift of ∼ 1 V. As the most intense hyperfine peak of 57Mn was
indeed successfully detected near the centre of the predicted scan region, these two
nuclei must have very similar nuclear moments. An independent indication of the
near identical magnetic and quadrupole moments in 55,57Mn can be found in the
GXPF1A shell model calculations [72] (shown in Tables 6.5 and 6.6) and we are
confident that a 57Mn resonance has been correctly located, Fig. 6.14, despite the
poor statistics.
Today γ-spectroscopic studies have reached 63Mn [108] and it has been 35 years
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57Mn 
Figure 6.14: Left: 14 mg of 58Fe enriched to 93.13% (1.8 mg cm−2) rolled ready
for target preparation. Right: The most intense component of the 57Mn hyperfine
structure, demonstrating successful 57,58Mn production via the (d,2pxn) reaction
channel. Light from a background ion beam of ∼ 650,000 s−1 dominates over the
signal of ∼ 600 s−1 for the 57Mn ion. This peak is a summation of scans across this
region totalling ∼ 4.3 hours.
Isotope I µ (µN) Qs (b) ν coupling
58Mn (1)+ +2.60 +0.11 3/2
58Mn (4)+ +3.13 +0.49 3/2
58Mn (1)+ +0.88 –0.04 5/2
58Mn (4)+ +3.52 –0.05 5/2
Table 6.7: Nuclear moments of the odd-odd 58,58mMn isotope and isomer determined
from estimates of shell model coupling of nearby odd-even isotopes.
since the first detection of 58Mn. Despite this the nuclear spins of the ground and
first excited isomeric state of 58Mn have never been confirmed. As seen in Fig. 6.15,
many combinations of 0+, 3+ and 1+, 4+ have been suggested and interchanged.
Only the spin difference between the two states is known to be 3 units of angular
momentum due to the M3 multipolarity of the 75 keV isomeric transition decay
between the two states. Experimentally, current spin assignments are (1)+ and
(4)+ for the ground and isomeric states respectively, contrary to the GXPF1A
calculations [72] where the spins are interchanged. Many of the spins tentatively
assigned to more exotic systems (in Mn and other elements) have hinged on the
58g,mMn assignment and the need for a definitive measurement is now more than
desirable.
Empirical predictions for the µ and Qs of 58,58mMn are shown in Table 6.7 using a
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simple shell model coupling of odd-even neighbouring isotopes. When compared to
GXPF1A shell model calculations [72] in Table 6.6 it is seen that the 1+ and 4+
states in the ν3/2 coupling are in good agreement with the shell model estimates.
Future experiments at JYFL will test these predictions, confirming the spins of
58,58mMn, and extracting nuclear moments for 57,58,58mMn. Isotope shift measure-
ments will also be extended, and will vitally straddle the proposed N = 32 subshell.
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Figure 6.15: Spin assignments of the ground and isomeric states in 58Mn, as pre-
sented in the ‘chart of the nuclides’, over the past ∼ 35 years.
6.4.7 Future studies of neutron-rich Mn
At ISOLDE, 48−69Mn production is now possible with a Nb foil or Uranium Carbide
target, the yields of which are shown in Fig. 6.16. Even at the very neutron-rich,
68,69Mn, production rates are 1 – 4 ions s−1 despite half lives of ∼10 ms. This
recent development uses the Z-selectivity of the resonance ionisation laser ion source
(RILIS) [109] to increase the yield and purity of the beam. A three-step resonance
photo-ionisation scheme for the Mn+ ion (shown in Fig. 6.17) is provided by a laser
system consisting of three frequency tunable dye lasers pumped by an Nd:YAG laser.
When optical pumping in the new ISCOOL cooler is established, experiments will
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be able to probe the charge radius and nuclear moments right across the range of
isotopes available, including the N = 40 subshell closure. New Mn ISOLTRAP
mass measurements [110] show no sign of enhanced binding at N = 40. However,
studies around Ni in this region do indicate such a shell closure, as described in
Section 6.1. The behaviour of the charge radii remains to be seen.
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Figure 6.16: ISOLDE PS-Booster yields for the Mn isotopes produced with an Nb
foil or UCx target in conjunction with the RILIS laser ion source. The measured
yields are in atoms per second observed in the focal plane of the separator and are
normalised to a 1µA beam incident on the target [111].
Further into the future, studies of increasingly neutron-rich nuclei in the Z = 20
– 30 region will be realised at large ISOL facilities such as DESIR at GANIL and
LASPEC at FAIR. Fission and deep inelastic reactions will be combined with gas
catcher technology and used to drive these measurements to the extremes of neutron
excess.
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Mn I 
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Figure 6.17: Step-wise photo-ionisation scheme to the Mn+ ion [109]. The third
step is to an auto-ionising state.
123 of 135 2nd October 2010
Frances Claire Charlwood 6.4. Analysis of the Mn isotopes
2nd October 2010 124 of 135
7
Conclusion
This thesis presents new charge radii and nuclear moments for Mo and Mn across
crucial shell closures and deformed regions of the nuclear chart. These measure-
ments have been compared to the two-neutron separation energies and discussed in
the context of theoretical calculations.
Work presented here completes the study of the N = 60 region, in terms of the
nuclei available for production at the existing JYFL. Studies of molybdenum show
no sharp increase in charge radii across N = 60, indicating the end of the rigidly
deformed region centred around Z = 39. Two-neutron separation energies across
the entire region are seen to reflect the trends in the charge radii very precisely.
Above N = 60, a decrease in the rate of change of the charge radii indicates a
decrease in deformation. This is supported by the various calculations of nuclear
deformation for neutron-rich Mo which predict a loss of deformation with increasing
N , and the possibility of an oblate ground state appearing.
New manganese measurements have opened up the Z = 20 – 30 region for study
at JYFL and other facilities. Charge radii and quadrupole moments across N = 28
show a distinct shell closure, similar to that seen in γ-ray spectroscopic studies. In
contrast, the S2n measurements exhibit no enhancement in nuclear binding at N =
28, the first observation of such contrasting effects. Further understanding of this
lack of correlation between δ〈r2〉 and S2n will be gained by studies of neighbouring
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isotopic chains (and Mn) across the N = 40 subshell closure. GXPF1A calculations
reflect the nuclear moments and spins generally very well and all Mn isotopes across
N = 28 can be accurately described in a shell-model basis (without any collective
effects). Calculations show that highly mixed configurations are required to fully
describe the ground and first excited states of the odd-A isotopes, including the
7/2− ground state of 53Mn.
Detailed summaries and conclusions are provided at the end of the appropriate
experimental chapters. By way of conclusion here, the future outlook is now con-
sidered.
Over the past two years, a new laboratory has been built at JYFL which will be
dedicated to IGISOL experiments, see Fig. 7.1. A new MCC-30/15 cyclotron which
will deliver proton beams of 18 – 30 MeV, was installed in August 2009 (see Fig. 7.2).
First test beams are currently being accelerated. Sitting adjacent to the original
laboratory, the IGISOL can still run with the original K-130 cyclotron beam if
heavier mass beams or different energies are required. The proposed layout of the
new lab is shown in Fig. 7.3. The cyclotron is housed in a bunker at one end of
the lab in a cave which also houses the IGISOL and the magnet. Post cooler, the
beamline branches into two separate lines for the Penning trap and for collinear
laser spectroscopy. This layout allows for laser access to slow beams (see Fig. 7.3)
allowing a whole range of opportunities for additional optical manipulation of the
produced ions.
In summer 2010, the IGISOL, collinear laser setup, Ti:Sa lasers and Penning trap
will move over to the new laboratory. New UHV regions of the beamline will
decrease the background from the beamlight and increase ion transport efficiency.
Off-line work will commence before the end of the year to optimise beam alignment
and beam and laser transport. As the Ti:Sa lasers will be housed on top of the
cyclotron bunker, a new transport method to the cooler will be required for the
optical pumping setup. Additionally, a new data acquisition system will be installed,
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Figure 7.1: The new laboratory at JYFL as of April 2009.
Figure 7.2: The MCC-30/15 cyclotron being lifted into the new laboratory.
modelled on the LabJack system developed here. By 2011, on-line experiments at
the IGISOL will recommence with unlimited access to accelerated beams. Laser
spectroscopy experiments will now reach beyond the measurements made in this
work and then explore new cases.
In the Z ∼ 40 region, the quadrupole moments of neutron-rich molybdenum will
be investigated to determine the nature of the deformation at and beyond N = 60.
A new frequency-doubling capability required for optical pumping around 208 nm
will also be used for an on-line experiment on Cr isotopes across the N = 28 shell
closure. In manganese, nuclear moments, spins and isotope shift measurements in
57,58,58mMn will be determined during the commissioning of the new lab.
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Figure 7.3: Proposed layout of the new laboratory at JYFL. The Ti:Sa lasers will
be housed on the roof of the cyclotron bunker with laser access to the IGISOL. In
the future, the Fast Universal Laser IOn Source (FURIOS) [112] will endeavour to
provide fast, efficient, universal and chemical selective beam production similar to
systems such as the RILIS lasers at ISOLDE.
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